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Sir: 

I, Tsutomu AKIYAMA, declare the followings. 

1. I reside at 1-12-7, Jyounan-cho, Takatsuki-city, Osaka 
569-0056, JAPAN. 



2. In March 1995, I graduated from Osaka University, Faculty of 
Pharmaceutical sciences. In March 1997, I was awarded a Master degree 
of Pharmaceutical from Osaka University. Since April 1997, I have been 
employed by Ono Pharmaceutical Co., Ltd. and have been engaged in the 
study of Pharmacology, Molecular-biochemistry and Brain Science at the 
Research Institute of the company. 

3. I make this Declaration in the support of that OAF065 possesses 
the following functions: 

I) the clone can improve the abnormal neurite extension; 

II) the clone can normalize the proliferation of astrocytes; and 

III) the clone can normalize the increase of the expression of 
inflammatory cytokines in astrocytoma/glioblastoma. 

4 . The following experiments were conducted by me or under my 
immediate supervisor. 
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Experiment 1 

Experiment of neurite outgrowth using dorsal root ganglion (DRG) 

cells 

<Method> 

Dorsal root ganglion cells were prepared from four-week old 
rat using the 2-well culture slides coated with 
Poly-D-Lysine/Laminin, followed by adding rat Nogo-A protein 
alone or in combination with rat Nogo-A and human OAF065 
protein to the cells. One-day after the seeding, cells were 
fixed by adding paraformaldehyde. Detection of neurites was 
performed by fluorescence staining with beta-Ill tubulin 
antibody. Each of Nogo-A and OAF0 65 used in the present 
Experiments are follows: 

Nogo-A: Fragment protein-Fc fusion; R&D Systems catalogue no. 
1548-TR 

OAF065: soluble TROY-Fc fusion; R&D Systems catalogue no. 
3515-NG 

<Result> 

Inhibition of neurite outgrowth of DRG neurons by Nogo-A protein was 
observed. Effect of Nogo-A was suppressed by adding OAF065 protein. 
Neurite outgrowth of DRG neurons was not effected by treatment with 
OAF065 alone (data not shown). 
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Fig. 1 Effect of Nogo-A or combination of Nogo-A and OAF065 on 
outgrowth in DRG cells 




Control 




Nogo-A treated 




OAF065 and Nogo-A treated 



Green fluorescent were observed with beta III tubulin antibody 
immuno-staining . 
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Fig. 2 
in DRG 



Effects of Nogo-A or Nogo-A and OAF065 on neurite outgrowth 
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p<0.05 vs. Control, #p<0.05 vs. Nogo-A (t-test) 



Experiment of cell proliferation in rat cultured astrocytes. 
<Method> 

Primary astrocytes were derived from newborn rat cortex. Cells were 
seeded on 96 well plates. After one day, cells were treated with 
Nogo-A or the combination of Nogo-A and OAF065 proteins. Cells were 
counted one day after the treatment. 



<Result> 

Proliferation of astrocytes was promoted by a one-day treatment with 
Nogo-A protein. Activity of Nogo-A protein was inhibited by treatment 
with OAF065 protein. Proliferation of astrocytes was not effected 
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by treatment with OAF065 alone. 



Table 1 Effects of OAF065, Nogo-A on the proliferation of astrocytes 



Treatment 


cell 


numbers 


(%) 




Control 


100 


± 


2.5 




OAF0 65 


100 




1.9 




Nogo-A 


124 


± 


2.7 


★ * * 


Nogo-A + OAF065 


99 


± 


3.4 


### 



***p<0.001 vs. Control, ###p<0.001 vs. Nogo-A (t-test) 

Experiment 3 

Experiment of inflammatory cytokine expressions in human 

astrocytoma/glioblastoma U373MG cells 

<Method> 

Human astrocytoma/glioblastoma U373MG cells were treated with OAF065 
or Nogo-A protein alone or in combination with them. Twenty-four 
hours after treatments, total RNA was prepared. Each Cytokine mRNA 
expression level was measured by RT-PCR method. 

<Result> 

Treatment with Nogo-A protein increased expression of inflammatory 
cytokines in U373MG cells. Addition of OAF065 protein to the system 
and expression of inflammatory cytokines were suppressed. 
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Table 2 Effects of QAF065 or combination of Nogo-A and OAF065 on 
expression of cytokines in U373MG cells 





OAF065 


Nogo-A 


Nogo-A + OAF065 


IL- a 


0.9 


3.7 


0.8 


IL-1 /? 


0.9 


2.1 


0.9 


IL-4 


0.6 


1.8 


0.5 


IL-8 


0.9 


1.5 


0.8 


IL-12p35 


0.9 


2.1 


0.9 


IL-15 


0.8 


2.3 


1.1 



Each value was shown in the ratio when the control was assumed to be 
one. 

5. As set forth above in greater detail, the clone OAF065 of the 
present application possesses the following functions: 

I) improvement activity of the abnormal neurite extension; 

II) normalization activity of the abnormal proliferation of 
astrocytes; and 

III) normalization activity of the increase of the expression 
of inflammatory cytokines in astrocytoma/glioblastoma. 

Therefore, I believe that the invention of the present application is 
supported by the experiments. 
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I declare that all statements made herein of my own knowledge are 
true and correct and that all statements made on information and belief 
are believed to be true; and further, that these statements were made 
with the knowledge that willful false statements and the like so made 
are punishable by fine or imprisonment, or both, under the Section 1001 
of Title 18 of the United States Code, and that such willful false 
statements may jeopardized the validity of the application or any patent 
issuing thereon. 



Respectfully submitted, 





TheJoumal of Neuroscience, July 2,2003 • 23(13)5393-5406 • 5393 



Development/Plasticity/Repair 

* 

Nogo-A Inhibits Neurite Outgrowth and Cell Spreading with 
Three Discrete Regions 

Thomas Oertle, 1 * Marjan E. van der Haar, 1 * Christine E. Bandtlow, 2 Anna Robeva, 3 Patricia Burfeind, 3 Armin Buss, 1 
Andrea B. Huber, 1 Marjo Simonen, 1 Lisa Schnell, 1 Christian Brosamle, 1 Klemens Kaupmann, 4 Riidiger Vailon, 3 and 
Martin E. Schwab 1 

l Brain Research Institute, University of Zurich, and Department of Biology, Swiss Federal Institute of Technology, CH-8057 Zurich, Switzerland, institute 
of Medical Chemistry and Biochemistry, Leopold-Franzens-University of Innsbruck, A-6020 Innsbruck, Austria, 3 Novartis Institute for Biomedical 
Research, Functional Genomics, Novartis Pharmaceuticals Corporation, Summit, New Jersey 07901, and 4 Novartis Pharma AG, Nervous System Research, 
CH-4002 Basel, Switzerland 



Nogo-A is a potent neurite growth inhibitor in vitro and plays a role both in the restriction of axonal regeneration after injury and in 
structural plasticity in the CNS of higher vertebrates. The regions that mediate inhibition and the topology of the molecule in the plasma 
membrane have to be defined. Here we demonstrate the presence of three different active sites: (1) an N-termmal region involved in the 
inhibition of fibroblast spreading, (2) a stretch encoded by the Nogo-A-specifk exon that restricts neurite outgrowth and cell spreading 
and induces growth cone collapse, and (3) a C-terminal region (Nogo-66) with growth cone collapsing function. We show that Nogo-A- 
specific active fragments bind to the cell surface of responsive cells and to rat brain cortical membranes, suggesting the existence of 
specific binding partners or receptors. Several antibodies against different epitopes on the Nogo-A-specific part of the protein as well as 
antisera against the 66 aa loop in the C-terminus stain the cell surface of living cultured oligodendrocytes. Nogo-A is also labeled by 
nonmembrane-permeable biotin derivatives applied to living oligodendrocyte cultures. Immunofluorescent staining of intracellular, 
endoplasmic reticulum -associated Nogo-A in cells after selective permeabilization of the plasma membrane reveals that the epitopes of 
Nogo-A, shown to be accessible at the cell surface, are exposed to the cytoplasm. This suggests that Nogo-A could have a second membrane 
topology. The two proposed topological variants may have different intracellular as well as extracellular functions. 

Key words: Nogo; reticulon; inhibitory regions; active sites; membrane topology, neurite outgrowth 



Introduction 

Regenerative nerve fiber growth and structural plasticity are lim- 
ited in the adult mammalian CNS, in part because of the presence 
of neurite growth inhibitory constituents (Schwab and Bartholdi, 
1996; Behar et al., 2000). An important step in elucidating the 
mechanisms mediating this inhibition was the molecular charac- 
terization of nogo- A, which encodes an oligodendrocyte- 
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associated neurite growth inhibitor (Spillmann et aL, 1998; Chen 
et al., 2000; GrandPre et al., 2000; Prinjha et al., 2000). 

The nogo gene gives rise to three major protein products, 
Nogo-A, -B, and -C, by both alternative splicing and alternative 
promoter usage (Chen et al, 2000; Oertle et al, 2003b). AH Nogo 
isotbrms share a common C-terminus of 188 amino acids, called 
reticulon-homology domain (RHD; Pfam PF02453) because of 
its similarity with the Reticulon (RTN) protein family (Roebroek 
et al., 1994, 1998; Moreira et aL, 1999; Oertle et al., 2003c). Out- 
side of this RTN domain, Nogo and the other three RTN genes 
have no obvious sequence similarities. Two long hydrophobic 
stretches (35 and 36 aa), which could serve as transmembrane 
(TM) domains and are probably responsible for the endoplasmic 
reticulum (ER) association of the proteins, are located in the 
RHD (van de Velde et al., 1994; Oertle et al, 2003a). 

Myelin, oligodendrocytes, rat NI-250/NI-35 (for neurite out- 
growth inhibitor of M r 250 and 35 kDa) as well as purified bovine 
Nogo-A-ortholog bNl-220 were shown to be inhibitory for fibro- 
blast spreading and neurite outgrowth and to induce growth cone 
collapse of rat dorsal root ganglion (DRG) and chick retinal gan- 
glion cell (RGC) neurons (Caroniand Schwab, 1988; Bandtlow et 
aL, 1993; Rubin et aL, 1995; Loschinger et aL, 1997; Spillmann et 
aL, 1998). The identifica tion of the regions of Nogo-A dtat exert 
these diverse inhibitory effects in vitro and their possible accessi- 
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bility at the cell surface of oligodendrocytes would help us under- 
stand the mechanisms underlying the lack of regeneration in the 
CNS of higher vertebrates. Moreover, this information is crucial 
for the identification of Nogo-interacting molecules and for the 
development of optimal reagents for the neutralization of Nogo 
proteins. Potent neurite growth inhibitory activity was found in 
the Nogo-A-specific part of the molecule (Chen et aL, 1999; 
Oertle et al., 2000; Prinjha et aL, 2000). However, Nogo-A does 
not appear to be a conventional type I membrane protein: it does 
not possess an N-terminal hydrophobic sequence that could 
serve as a signal peptide such as is common to proteins that are 
secreted or expressed at the cell surface. 

GrandPre et al. (2000) presented evidence that the 66 amino 
acid residue region (termed Nogo-66) between the two hydro- 
phobic stretches of the RTN domain induces growth cone col- 
lapse and is exposed on the surface of nogo- A -transfected cells. 
The cloning of a glycosyl phosphatidyl inositol (GPI) -anchored 
receptor (NgR) has been described recently that interacts with the 
Nogo-66 peptide (Fournier et aL, 2001) as well as with the CNS 
myelin proteins OMgp (oligodendrocyte-myelin glycoprotein) 
and MAG (myelin-associated glycoprotein), both of which also 
have neurite growth inhibitory activity (Domeniconi et aL, 2002; 
Liu et aL, 2002; Wang et al., 2002a). The observation that 
Nogo-66 is inhibitory implies that all three Nogo isoforms should 
exert neurite growth inhibitory properties. 

In the present study we provide evidence that three discrete 
regions of Nogo-A exhibit different inhibitory properties in vitro. 
Binding of Nogo-A-speciflc fragments to brain cortical mem- 
branes and the surface of responsive cells strongly argues for the 
existence of Nogo-A-speciflc receptor molecules. Antibody stud- 
ies are suggestive for the expression of Nogo-A at the cell surface 
of cultured oligodendrocytes and of 3T3 fibroblasts and would 
imply that the N-terminal region of Nogo-A as well as the 
Nogo-66 region can face the extracellular space. A large intracel- 
lular pool of Nogo-A is associated with the endoplasmic reticu- 
lum (ER) and Golgi complex as revealed by double staining with 
marker proteins for these two organelles. Selective permeabiliza- 
tion studies suggest that a major part of the intracellular Nogo-A 
exhibits a second topology in which the N-terrninus and Nogo- 
A-specific part of the molecule are exposed at the cytoplasmic 
side of membranes. 

Materials and Methods 

Rat Nogo-A deletion library. Deletion constructs have been made using 
internal restriction sites, by Exonucleaselll/Mung Bean Nuclease treat- 
ment and by PCR with rat Nogo-A-specific primers on rat Nogo-A, 
Nogo-B, or Nogo-C as templates (Chen et al., 2000): Nogo-A (aa 
1-1163), Nogo-B (aa 1-172 + 976-1163), Nogo-C (Nogo-C N-terminal 
11 aa + aa 976-1163), Nogo-66 (aa 1019-1083), rat glutathione 
S-transferase (GST)-Nogo-66 (aa 1026-1091), NiR-G (aa 1-979), NiR 
(1-172), NiR-Al (aa 1-31), NiR-A2 (aa 59-172), NiR- A3 (aa 1-31 + 
59-172), EST (aa 762-1163), NiG (aa 174-979), NiG-Al (aa 174-909), 
NiG-A2 (aa 174-865), NiG- A3 (aa 172-723), NiG-A4 (aa 172-646), 
NiG-A5 (aa 293-647), NiG-A6 (aa 763-975), NiG-A7 (aa 174-235 + 
294-979), NiG-A8 (aa 218-653), NiG-A9 (aa 172-259 + 646-974), 
NiG -A 10 (aa 293-979), NiG-Al 1 (aa 209-268), NiG-Al 2 (aa 198-233), 
NiG- A 13 (aa 174-216), NiG-Al4 (aa 174-260), NiG-Al 5 (aa 174-190 
+ 493-979), NiG-Al6 (aa 174-190 + 621-979), NiG- A 17 (aa 174-190 
+ 259-979), NiG- A 18 (aa 174-190 + 263-979), N1G-A19 (aa 763- 
865),NiG-A20 (aa 544-725), NiG- A21 (aa 8 12-918), NiG- A22 (aa866- 
975), NiG-A23 (aa 914-975), NiG-A24 (aa 544-685), NiG-A25 (aa 
614-725), NiG-A26 (aa 544-613), NiG-A27 (aa 581-648). NiG-A28 
(aa614-685),NiG-A29 (aa 648-725), NiG- A30 (aa 682-725), NiG- A3 1 
(aa 544-580), NiG-A32 (aa581-613),NiG-A33 (aa 614-648), NiG- A34 
(aa 648-685), NiG-A35 (aa 260-556), NiG-A36 (aa 260-415). Human 
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GST-Nogo-66 (aa 1055-1120 of human Nogo-A) has been cloned by 
PCR on human Nogo-A as a template. 

Deletion constructs were cloned into pET28 vector (Novagen), 
pGEX-6P (Arnersham Biosciences) and pET26 vector (Novagen). Hu- 
man GST-Nogo-66 corresponds to the GST-nogo protein published by 
GrandPre et al. (2000). Synthetic rat peptide 4 EELVQKYSNSALGHVN- 
STIKELRRL corresponds to the human peptide 4 (ibid.) with one mis- 
match. Synthetic Pro/Ser-rich peptide (PSSPPPSSPPPSSPPPS) as well as 
rat peptide 4 have been produced and HPLC-purified by Primm SA. 
P472 (NYESIKHEPENPPPYEEA) was synthesized and purified by Re- 
search Genetics. 

Production of recombinant Nogo-A-deletion library. The bacterial 
Nogo-A-deletion library was expressed in Escherichia coli. Proteins were 
extracted by repeated sonication in sonication buffer (20 mM Tris, 50 mM 
NaH 2 P0 4 , 100 mM NaCl, pH 8.0) with 0.75 mg/ml Lysozymc, by solubi- 
lization with B-Per (Pierce), or with 8 M urea. NiG expressed with pelB- 
leader was obtained from the pcriplasmic space according to the Nova- 
gen protocol for periplasmic protein purification. Supernatants of pET28 
constructs were purified using the Co 24 * -Talon Metal Affinity Resin 
(Clontech) in a batch procedure. Urea (8 m) and B-Per solubilized lysates 
were brought to nondenaturing conditions by increasingly substituting 
the buffer with sonication buffer during the resin-batch procedure. Pro- 
teins were eluted with 250 mM imidazole in sonication buffer on a gravity 
column (Bio-Rad). NiG was further purified by gel filtration on Superdex 
200 (Arnersham Biosciences) HiLoad 16/60. Supernatants of pGEX-6P 
constructs were purified with G-Sepharose column in a batch procedure 
according to manufacturer's instructions (Arnersham Biosciences). 
Cleavage of GST-Nogo-66 was performed by incubating solubilized 
GST-Nogo-66 with PreScission protease and subsequent HPLC purifica- 
tion. 

Gel electroelution was performed by preparative SDS-PAGE of immo- 
bilized metal-affinity chromatography (IMAC)-purified recombinant 
Nogo and elution with Bio-Rad Electro -Eluter into 50 mM Tris, pH 7.4, 
100 mM NaCl, 0.2% (w/v) 3-[(3-cholamidopropyl)dimethylammonio]- 
1-propanesulfonate (CHAPS) for 1 hr at 250 mA, followed by 30 sec of 
reversed electrode polarities. 

Protein concentrations of chromatography-purified proteins were de- 
termined using Pierce Coomassic Stain and BSA as standard protein. 
Protein concentrations of gel-eluted proteins were estimated on the basis 
of band intensity of silver-stained gels (Merril et al., 1981) with BSA as a 
standard. 

Production of recombinant Nogo in Chinese hamster ovary cells. A 31 19 
bp fragment resulting from a partial Hindi digest of rat Nogo-A cDNA, 
NiR-G, was cloned into pSecTag2 expression vectors (Invitrogen, Gro- 
ningen, The Netherlands). Transfection of pNiR-G into Chinese hamster 
ovary (CHO) cells resulted in intracellular, cytoplasmic expression of 
NiR-G. Stable NiR-G CHO cell lines were selected with 250 ni/inl Zeocin 
(Invitrogen). Recombinant NiR-G from cell lysate was purified over a 
Ni 2 i '-NTA column (Qiagen AG, Basel, Switzerland). 

Rat NiG- A20 and Nogo-66 were cloned into pAPtag5 vector by PCR. 
Transfection of pNiG-A20-AP into CHO cells resulted in NiG-A20-AP 
that was secreted into the culture supernatant. Stable pNiG-A20-AP and 
pNogo-66-AP cell lines were selected with 250 ^g/ml Zeocin (Invitro- 
gen). Both cell lines were adapted to serum-free medium (Invitrogen) 
conditions and grown in a cell-line chamber (Integra). Supernatants 
were concentrated 10-fold before use, and the concentration of fusion 
protein was assessed as described elsewhere (Flanagan and Leder, 1990). 

Cloning of rat NgR and stable NgR-expressing CHO cell line. Adult rat 
brain poly- A + RNA was prepared using the Direct Quick Messenger 
RNA kit (Talent) according to manufacturer protocol. cDNA was pre- 
pared from 250 ng of poly-A" ? '-RNA with Moloney murine leukemia 
virus reverse transcriptase polymerase and poly-dT primers from 
Novagen. cDNA (1 /u,g) was used as a template for a PCR of 35 cycles 
with 5 ' -GTTCGGATCCA AG ATGA AG AGGGCGTCC-3 ' and 5'- 
GTT CTCG AG TC A GCA GG G CCC A AG C ACTG - 3 ' as forward and 
reverse primers, respectively. The PCR product was subcloned into 
the BamHJ-Xhol sites of pBluescriptll-KS and fully sequenced 
(Microsynth GmbH, Balgach, Switzerland). 

pig* -V 5- NgR was derived by subcloning rat NgR lacking the signal 
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peptide into BamHl-Xhol sites of pSecTag2A with primers 5'- 
GCTCGGAI]C£ACCTGGTGCCTGTGTGTG- 3 ' and 5'-GTTdC^ 
A£TCAGCAGGGCCCA AGC ACTG -3 ' in frame with the lgK-leader 
peptide of the vector and C terminal to an introduced V5-tag (cloned by 
PGR from pYES2/NT with 5 ' -CACG AAGCTTGGGTAAGCCT AT- 
CCCT-3' and 5 ' - GT G G ATCCG ACGTAG AATCG AGACC- 3 ' into Hin- 
dUl-BamHl sites of pSecTag2A). A stable pTg*-V5-NgR CHO cell line 
was selected with 250 /ug/ml Zeotin (Invitrogen). 

Radioactive labeling and binding experiments. IMAC-purified NiG- 
A20 was iodinated by ANAWA Trading SA (Wangen, Switzerland) (2030 
Ci/mmol) using l,acto peroxidase and purified by reverse-phase HPLC. 
Membranes from rat brain cortex were prepared as described (Olpe et aL, 
1990). Binding was performed for 1 hr at room temperature essentially as 
described (Kaupmann et al., 1997) using 1.5 ml tubes preincubated for 2 
hr with 1% (w/v) bovine serum albumin to reduce nonspecific binding. 
Membrane homogenates in HEPES buffer, pH 7.4 (125 mM NaCl, 5 raM 
KC1, 0.6 niM MgCl 2 , 1.8 mM CaCl 2 , 20 mM HEPES, 6 mM dextrose), 
containing protease inhibitors (Rdche Diagnostics, Mannheim, Ger- 
many) were incubated with 1.3 nM iodinated NiG-A20 in the absence or 
presence of increasing concentrations of unlabeled NiG-A20. 

Antibodies. Rat and bovine ant i sera (AS) 472 were produced against 
the synthetic peptide NYESIKHEPENPPPYEEA (bovine sequence) or 
the corresponding rat sequence SYDSI KLEPEN PPP Y EE A (aa 623-640) 
(Chen et al., 2000) (Research Genetics Huntsville, AL). AS 922 was raised 
against the peptide RTYKGVIQAJQKSDEGHPFRAYLESEVAISEE- 
LVQKYSNSALGHV (aa 1055-1099 of human Nogo-A) from the 
Nogo-66 region, and AS 294 was raised against the C-terminal Nogo-A 
peptide KDAMAKIQAKIPGLKRKAD (Research Genetics). AS Rosa and 
AS Bianca were produced by intradermal immunization of prokaryoti- 
cally produced, IMAC-purified, and gel electroeluted NiR-a and NiR- A3. 
AS Fiorina and AS Laura were produced similarly by intradermal immu- 
nization of NiG. As controls, the corresponding preimmune sera or an- 
tisera preincubated with an excess of the corresponding immunogenic 
peptides were used. 

For the monoclonal antibodies, mice (C3H and C57BI6/J strains) were 
immunized subcutaneously with the synthetic peptide SYDSIKLEPEN- 
PPPYEEA, corresponding to rat sequence aa 623-640 for monoclonal 
antibody (mAb) 1 1C7, whereas mAbs 1 1 A8, 7BV2, and 3DI I were pro- 
duced against recombinant prokaryotically produced NiR-G. Spleen 
cells were fused with myeloma cells, and monoclonal lines were selected 
and subcloned. Supernatants of the obtained clones were screened on 
EL1SA plates coated with the Nogo-A deletion library to localize their 
epitopes. 

Rabbit anti-NgR antisera (AS a-NgR) were raised against three syn- 
thetic peptides of human NgR (EQLDLSDNAQLRSVDPA, EVPCS- 
LPQRLAGRDLKR, and G PRRRPG CSRKNRTRS ) and affinity purified 
by Research Genetics. 

Western blot analysis. SDS-PAGE and Western blotting were per- 
formed as described previously (Kelleher et al., 1992; Huber et al., 2002); 
blocking was done with 3% (w/v) Top Block (Juro Supply, Lucerne, 
Switzerland). Antibodies were diluted as follows: AS 472 1:2000; AS Bi- 
anca 1:10,000; AS Fiorina: 1:20,000; affinity- purified AS 922 1.5 Mg/ml; 
affinity-purified AS 294 0.3 /xg/ml; affinity- purified AS a-NgR 0.11 
/xg/ml; a-BiP 2 fig/ml (Stressgen); mAb o> 0- tubulin (Boeh ringer Mann- 
heim, Mannheim, Germany) 1:200; mAb 9E10 ft-myc (Invitrogen) 
1:5000; monoclonal hybridoma culture supernatants 1:150. Secondary 
antibodies were HRP- conjugated goat anti-rabbit (Pierce; 1:20,000) and 
anti-mouse (1:50,000). 

Cell surface biotinylation. Brain oligodendrocyte cultures (van der 
Haar et al., 1998) were incubated with 2 mg EZ-LINK-Sulfo-NHS-LC- 
Biotin (0.25 mg/ml) (Pierce) per 75 cm 2 flask for 30 min at20°C followed 
by incubation with 8 ml of 10 mM glycine in PBS with Ca 2+ /Mg 2 * 1 " for 15 
min to stop the biotinylation reaction and three washes with PBS. Cells 
were scraped, lysed in 1 ml lysis buffer [0.05 m NaH 2 P0 4 pH 8.0, 0.15 M 
NaCl, 0.5% (w/v) CHAPS (Sigma), 2.5 mM iodacetamide, 1 mM phenyl- 
methylsulfonyl fluoride, 0.1 jx,g/ml aprotinin, 1 Mg/nil leupeptin, 1 /xg/ml 
pepstatin A] and precipitated three limes with 1 00 jxl of Dynabeads 
M-280 streptavidin (Dynal). 

Immunocytochemistry. Optic nerve oligodendrocytes were prepared as 



described (Schwab and Carom, 1988). Cultures (3-5 d old) grown on 
poly-L-lysine-coated coverslips were washed twice with PBS, fixed in 4% 
(w/v) paraformaldehyde (PFA), 5% (w/v) sucrose in PBS for 15 min at 
room temperature; cells were permeabilized with 0.1% (v/v) Triton 
X-100 (Tx-100) in PBS, and nonspecific binding was blocked with 10% 
(v/v) FCS. Cells were then incubated with affinity-purified AS 472 (1: 
200) or AS 922 ( 1: 100) hybridoma culture supernatants containing mAb 
11A8, mAb 3D11, and mAb 1 1C7 (all 1:100), anti-MG160 (1:100), and 
anti-calnexin (1:1000) for confocal microscopy in PBS, 1% FCS, 0.1% 
(v/v) 1 x-100. Selective permeabilization of the plasma membrane was 
performed as described by De Strooper et al. ( 1997) with modifications. 
The cultures were washed twice with 10 mM PIPES buffer, pH 6.8, con- 
taining 0.3 m sucrose, 0.1 M KC1, 2.5 mM MgCl 2 , and 1 mM EDTA (De 
Strooper et aL, 1997), followed by incubation of 50 min at room temper- 
ature in PIPES buffer with 12.5 Jig/ml digitonin, containing the primary 
antibodies. Cells were washed with PIPES buffer and fixed and further 
processed. Secondary antibodies were goat anti- mouse tetramethylrho- 
damine isothiocyanate (TRITC) and goat anti-rabbit fluorescein- 
isothiocyanate (FITC) (Jackson ImmunoResearch laboratories). A 
mouse monoclonal antibody against the KDEL sequence (a-BiP, 1:100; 
StressGen Biotechnologies, Victoria, British Columbia, Canada) was 
used to confirm the selective permeabilization of only the plasma 
membrane. 

For cell surface staining, 2-d-old rat optic nerve cultures were incu- 
bated with AS 472 ( 1:500)" AS 922 (1:500), AS Bianca (1:500), or mono- 
clonal antibodies (undiluted supernatant) in medium for 25 min at room 
temperature. For CHO/oligodendrocyte co-cultures, 6000 CHO cells per 
well were added 24 hr before staining procedures. Cultures were washed, 
fixed with 4% (w/v) PFA and 5% (w/v) sucrose and blocked with 0.1 m 
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Figure 1. Nogo-A, -B, and -C isoforms, main studied fragments, and antibodies raised 
against Nogo-A sequence and their specificity on oligodendrocytes. A, Several monoclonal an- 
tibodies and polyclonal rabbit antisera (AS) were raised against Nogo-A. AS 472 (Chen et al, 
2000) and mAb 1 K7 were raised against the same 18 aa peptide. The other three mAbs, 1 1 A8, 
7B1 2, and 3D1 1 , were raised against bacterially expressed NiR-G. AS Bianca was raised against 
bacterialiy produced NiR. AS 922 was raised against the Nogo-66 region between the two 
hydrophobic domai ns, and AS 2 94 was raised against the C te rmi nus of Nogo. AS 922 and AS 294 
recognize ail Nogo isoforms. B, Western blot of lysates of cultured oligodendrocytes. The blot 
was incubated with different anti-Nogo-A antibodies. All antibodies recognize the 190 kDa 
Nogo-A band (arrow) and mAb 3D11, AS 922, and AS 294 stain additional bands at 60 and 80 
kDa, presumably Nogo-A breakdown products. AS Bianca, AS 294, and AS 922 also recognize 
Nogo-B at —55 kDa (arrowhead). 
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maleic acid with 2% (w/v) blocking reagent 
(Rdche) for 1 hr. Secondary alkaline phos- 
phatase-conjugated antibodies (Milan 
Analytica, Lausanne, Switzerland) were used at 
1 :7500 in 0. 1 M maleic acid with 1% (w/v) block- 
ing reagent (1 hr). The cultures were washed 
twice with maleic acid buffer and once with al- 
kaline phosphatase buffer (0.1 M Tris-HCl, pH 
9.5, 0.1 m NaCl, 5 mM MgCl 2 ), and the staining 
was developed for 3 hr at room temperature 
with 0.175 mg/ml 5-bromo-4-chloro-3-indolyl- 
phosphate (Sigma) and 0.338 mg/ml nitroblue 
tetrazolium (Sigma) in alkaline phosphatase 
buffer. For surface MAG and intracellular 
Nogo-A, the staining was developed for 2 hr in- 
stead of 3 hr. 

The plgK— V5-NgR CHO cells were washed, 
fixed for 15 min at room temperature, and 
blocked with 1 0% (v/v) FCS in PBS for 20 min at 
room temperature. mAb a-V5 (Invitrogen 
R-960-25) was diluted 1:300 in 1% (v/v) FCS in 
PBS for 1 hr and washed, and secondary FITC- 
conjugated anti-mouse antibodies (Jackson Im- 
munoResearch Laboratories) were used at 1:200 
in PBS for 30 min. 

Flow cytometry. Flow cytometry and cell sort- 
ing were performed on a Cytomation MoFio 
high-speed cell sorter (Fort Collins, CO). The 
flow cytometer was equipped with an argon- 
ion/UV Enterprise II laser tuned to 488 nm with 
130 mW of power. Fluorescein (FITC) fluores- 
cence was collected through a 530/40 nm band- 
pass filter. For analysis, 3T3 fibroblasts were 
detached with Cell Dissociation Buffer 
(Invitrogen) or 0.5% (w/v) trypsin in PBS. The 
preformed complex used to detect binding of 
NiR-G to 3T3 fibroblasts was prepared as fol- 
lows: NiR-G and anti-Myc antibody (9E10; 
Sigma) were incubated at a 1: 1 molar ratio for 30 
min at 4°C, Next, FITC-conjugated F(ab) 2 goat 
anti-mouse IgG was added and incubated for an 
additional 30 min at 4°C. The resulting molar 
ratio of the trimeric complex was 1:1:0.5. The 
complex was added to 1 X 10 6 3T3 fibroblasts in 
a final volume of 100 /xl, incubated for 2 hr at 
4°C, washed, and analyzed by flow cytometry. 

Tn vitro assays. 3T3 fibroblast spreading as- 
says were performed as described previously 
(Spillmann et al., 1998). 

CHO spreading assays were performed essen- 
tially the same way as for 3T3 fibroblasts. Briefly, 
CHO cells were split 1:2. Twenty- four hours 
later they were trypsinized in PBS-EDTA for 30 
sec, and —8000 CHO cells were plated onto cul- 
ture dishes precoated with 5, 1, 0.5, and 0.2 /xg 
per well NiG or Nogo-66. After 30-45 min, the 
cells were fixed with 4% (w/v) PFA, 5% (w/v) 
sucrose and then analyzed. 

PC 12 neurite outgrowth assays were performed as described previ- 
ously (Rubin et al., 1995). 

Neurite outgrowth assays with P7 rat cerebellar granule cells were 
performed as described by Niederost et al. ( 1999). 

Retinal ganglion cell stripe assays were performed according to 
Vielmetter et al. (1990) with modifications (Schmalfeldt et al., 2000). 
Explants were evaluated after fixation with 4% (w/v) PFA, 0. 1% (v/v) 
glutaraldehyde in PBS for 10 min at room temperature. For 
immunostainings, fixed explants were blocked for 1 hr at room temper- 
ature with RNO-blocking solution [0.5% (w/v) BSA, 0.3% (w/v) Top- 
Block (Juro Supply), 0.1% (w/v) NaN 3 in PBS}, permeabilized for 10 min 
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Figure 2. Analysis of the inhibitory properties of various Nogo fragments on 3T3 fibroblast spreading. The main inhibitory 
activity resides in two regions of the Nogo-A protein. Nogo-A deletion products were tested for their relative inhibitory activity 
(percentage inhibition) on fibroblast spreading (5 M-g/100 juU, 1 Mg/100 /xl, 0.5 ptg/lOO pU, and 0.2 /xg/100 ^ of fragment 
coated per square centimeter). Mean of spreading on plastic is indicated by the dotted line. For each fragment at least three 
independent assays with proteins from at least two separate purifications were performed. The fragments that are most inhib- 
itory for fibroblast spreading are highlighted. Control peptides (5 /ig/100 /xl coated per square centimeter) did not exhibit 
inhibitory properties except for l-laminin. 



with 0.05% (v/v) Tx-100 in RNO-blocking solution, frozen for 1 min at 
-20°C, and incubated with primary antibodies (AS Bianca for NiR, AS 
Laura for Nogo-A, NiR-G, NiG, NiG-A3, and NiG-A20, and Novagen 
mAb anti-T7 for Nogo-C and 0-Gal control protein). After washing with 
PBS, FITC- and TRITC-conjugated antibodies (Jackson ImmunoRe- 
search Laboratories) were added (1:150) to the explants. The samples 
were coverslipped in 50% (v/v) glycerol, 25 mM NaHC0 3 , 40 mM NaCl, 
1% (w/v) p-phenylendiamine (Sigma). 

Growth cone collapse assays on chick and rat DRG neurons were 
performed essentially as described previously (Bandtlow et al., 1993; 
Bandtlow and Loschinger, 1997; Fritsche et al., 1999). 
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figure 3. Analysis of the inhibitory activity of Nogo-A on neurite outgrowth. A, B, Nogo-A is 
an inhibitory substrate for E7-E9 RGC neurite outgrowth in a stripe assay. Stripes of Nogo/ 
laminin (arrowhead) versus laminin-only stripes (arrow) were compared. A, The axons (stained 
with anti-neurofilament mAb) growing from chicken retina expiants avoid the Nogo/laminin 
stripes (stained with AS Laura; arrowhead). This avoidance is concentration dependent and 
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Results 

The three main isoforms of Nogo, the most important domains 
and active sites, and the epitopes of the antibodies and antisera 
used in this study are summarized in Figure 1. 

Two regions in the N-terminal part of Nogo-A are inhibitory 
for spreading of 3T3 fibroblasts 

To identify the regions of Nogo-A responsible for the inhibition 
of 3T3 fibroblast spreading, a library of 50 Nogo deletion con- 
structs was made, and recombinant proteins were expressed in 
bacteria (Fig. 2). The Co 2+ -affinity chromatography-purified 
Nogo fragments were coated on tissue-culture dishes. The puri- 
fied material of some of the recombinant proteins contained 
lower molecular weight Nogo fragments (Chen et al., 1999), be- 
cause the Nogo-A cDNA sequence contains internal ribosomal 
binding sites for E. colt and numerous rare codons (our unpub- 
lished observations). The purity of fragments was estimated on 
the basis of silver-stained SDS-PAGE (see Fig. 6D). The compar- 
ison between the different deletion constructs is dierefore 
semiquanti tative. 

The apparent EC 50 for inhibition of 3T3 fibroblast spreading 
was —400-500 ng/100 /xl Nogo-A coated overnight per cm 2 of 
culture dish (—4 pmol/cm 2 ). Treatment of Nogo-A or its frag- 
ments with 8 m urea resulted in a strong reduction of inhibitory 
activity, indicating that conformation is important 

The analysis of Nogo fragments in the fibroblast spreading 
assay revealed that at least two stretches of the Nogo-A protein 
mediate inhibition of the spreading of freshly plated fibroblasts, 
namely aa 59-1 72 (NiR-A2) andaa 544-725 (NiG-A20) (Figs. 2, 
3). All of the fragments derived from the Nogo- A -specific region 
(NiG) displaying inhibitory activity (e.g., NiG-A4 and NiG- A8) 
partially overlap with aa 544-725 (NiG-A20). Minor inhibitory 
activity at high protein concentration was seen for the C- terminal 
part of the Nogo-A-specific region (aa 763-865; NiG-Al9). At 
high concentrations, the anti-spreading activity of the Nogo frag- 
ments became anti-adhesive. These two effects could be over- 
come eventually by the cells after longer incubation times, indi- 
cating that they were not caused by toxic effects (data not shown). 
Nogo-C, Nogo-66, and Nogo-66 Peptide 4 [shown to be the in- 
hibitory region of Nogo-66 by GrandPre et al. (2000)] were not 
inhibitory for fibroblast spreading (Fig. 2). 

We found no correlation between the isoelectric point of the 
protein fragments and their inhibitory character. The high occur- 
rence of proline and serine in the N-terminus of Nogo-A is also 



accompanied by strong axona! fasciculation. Control 0-galactosidase/iaminin stripes (stained 
with a-17 mAb) are permissive substratesfor RGC axons. B, Inhibition scorefbr RGCoutgrowth 
on different Nogo fragments. Cultures were evaluated by giving a score of 5 fbrstriped neurite 
outgrowth with no fibers crossing the Nogo containing stripes, 4-2 for striped neurite out- 
growth with increasing numbers of crossing fibers, 1 for random outgrowth with tendency to 
grow in the direction of the stripes, and 0 for complete random neurite outgrowth. The dotted 
line indicates the mean of all /3-galactosidase control experiments. Values are represented as 
mean ± SE. The groups have been compared with the scores for Nogo-C at the same coated 
protein concentration (*p < 0.05; **p < 0.01; Mann-Whitney U test). C, Examples of PC12 
neurite outgrowth on different substrates. On Nogo-A and its fragment NiG-A20, the number 
of neurites is reduced and they are shorter compared with cells grown on Nogo-C and NiR. D, 
Quantification of outgrowth of PCI 2 neurites grown on different Nogo substrates (scores from 
0 = no outgrowth to 5 = long, branched neurites). Values are represented as mean ± SE.The 
groups have been compared with the scores for Nogo-C at the same coated protein concentra- 
tion {*p < 0.05; **p < 0.01; Mann-Whitney 0 test). E, Primary rat cerebellar granule cells 
were plated on increasing amounts of coated NiG. The inhibition of neurite outgrowth and cell 
adhesion by NiG is dose dependent. 
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not responsible for the observed effect because a poly-Pro/Ser 
peptide is not inhibitory (Fig. 2, Control peptides). 

These data show that the an ti -spreading activity of Nogo-A on 
3T3 fibroblasts resides in two defined stretches located at the N- 
terminus (aa 59-172) and within the Nogo-A-specific part (aa 
544-725; NiG-A20) of the protein. Nonspecific physicochemical 
properties (acidity of the fragments, structural effects attributable 
to proline and serine residues) are not responsible for this effect 
The C-terminal RTN-homology domain including Nogo-66 is 
not involved in the inhibition of fibroblast spreading. 

Several regions of Nogo-A are inhibitory for 
neurite outgrowth 

To determine whether the fragments of Nogo-A that were non- 
permissive for cell spreading are also inhibitory for neurite out- 
growth, we tested a series of bacterialiy produced Nogo-A frag- 
ments as well as eukaryotically produced Nogo-fragment- 
alkaline phosphatase (Nogo-AP) fusion proteins in different 
neuronal assays. 

In a substrate stripe assay (Vielmetter et al., 1990), we tested 
whether Nogo stripes are inhibitory for the growing embryonic 
chicken [embryonic day (E) 7-9] RGC axons. Neurites avoided 
laminin/Nogo-A-coated stripes, growing on the laminin-only 
stripes (Fig. 3A), whereas stripes coated with laminin//3- 
galactosidase were not circumvented. Full-length Nogo-A was 
strongly nonperrnissive for RGC neurites, whereas the 
N-terminal part of Nogo-A/-B (aa 1-172) had only marginal ef- 
fects. Nogo-C activity was indistinguishable from the control 
protein 0-galactosidase (Fig. 2 A,£). The Nogo-A-specific region 
NiG-A20 (aa 544-725) appears to contain the main inhibitory 
region for these neurites (Fig. 3B). The growth cones were also 
seen to stop when entering NiG-A20-coated "dead-end" lanes 
(data not shown). These nonperrnissive effects were concentra- 
tion dependent: increasing numbers of crossing fibers were ob- 
served at lower concentrations of Nogo-A or its active fragments 
(Fig. 3A,.B). No obvious difference was detected between nasal 
and temporal RGC neurites concerning their responsiveness to 
Nogo-A regions. 

A iaminin -independent, NGF-responsive clone of PCI 2 cells 
(Rubin et al, 1995) was primed with 50 ng/ml NGF for 24 hr and 
then plated onto dishes coated with bacterialiy produced Nogo 
fragments at 0.1-3 fig/ cm 2 . Neurite outgrowth was scored 1 d 
later. The Nogo-A-specific region (NiG) and its aa 544-725 frag- 
ment (NiG-A20) strongly inhibited PC 1 2 neurite outgrowth 
(Fig. 3C,D). In contrast, the N-terminal fragment (aa 1-1 72) had 
only minor activity, detectable only at high protein concentra- 
tion. Nogo-C and Nogo-66 were inactive. 

Substrate-coated NiG (aa 174-979) also acted as a strong neu- 
rite growth inhibitor of primary mammalian neurons: neurite 
outgrowth of postnatal day (P) 7 rat cerebellar granule ceils was 
prevented in a dose-dependent manner, and cells aggregated at 
higher Nogo substrate concentrations (Fig. 3£). 

We further tested the growth cone collapsing activities of the 
various Nogo constructs. Murine GST-Nogo-66, human GST- 
Nogo-66, and HPLC- purified Nogo-66 lacking the GST tag in- 
duced growth cone collapse of E13-E15 chicken DRG explants as 
described previously (GrandPre et al, 2000; Fournier et al., 
2001). The growth cone collapsing activities of these proteins 
were relatively low ( — 50% collapsed at —1 /xm) and varied be- 
tween preparations, probably because of the poor solubility of 
these recombinant proteins. Nogo-66 peptide 4 was inactive. In 
contrast, soluble dimeric Nogo-66- AP was collapse-inducing in a 
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Figure 4. Analysis of the collapsing activity of different Nogo-A fragments on DRG growth 
cones. A, Time course of the growth cone collapse of dissociated rat P6 DRG neurons induced by 
predustered N5G-A20-AP, Nogo-66-AP, or Sema3A. After the indicated time periods, the cul- 
tures were fixed and doubly labeled by anti-tubulin antibody and tetramethylrhodamine B 
isothiocyanate-phalloidin. B, Dose-dependent growth cone collapse of chicken E13-E15 DRG 
explants treated with predustered NiG-A20-AP, Nogo-66-AP, and AP-Sema3A. All three pro- 
teins induce growth cone collapse, but Nogo-66-AP is more potent than NiG-A20-AP. Both 
Nogo-AP fragments have a much weaker collapse-indudng activity than AP-Sema3A. 



range similar to what has been described previously with an ap- 
parent EC 50 of ~2 nM (Fig. 4B) (GrandPre et al., 2000). Growth 
cone collapse could also be elicited by the Nogo-A-specific, solu- 
ble, and dimeric fragment aa 544-725 (NiG-A20-AP), with an 
apparent EQ i0 of 200-400 nM (Fig. 4£). Bacterialiy expressed 
recombinant monomelic NiG (aa 174-979) or NiG-A20 (aa 
544-725) had no collapse-inducing acti vities, nor had NiR-G (aa 
1-979). Time-lapse studies on dissociated rat P6 DRG neurons 
revealed that growth cone collapse induced by Nogo-66-AP and 
NiG-A20-AP occurred with a slower time course than collapse 
elicited by hSema3A (Fig. 4 A). In addition, although AP-Sema3 A 
induced collapse of virtually all growth cones at low nanomolar 
concentration, both Nogo-66-AP and NiG-A20-AP did not lead 
to collapse of >60% of the rat or chicken growth cones (Fig. 
4A,J8). 
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Figure 5. Activity of NgR-expressing CH0 cells versus wild-type cells on Nogo fragments. A, 
An mAb against the V5-epitope stains the surface of a CH0 eel! line stably transfected with rat 
NgR. B, On Western blot, no NgR protein is detectable in lysates of wild-type CH0 cells, whereas 
high amounts of NgR are detectable in lysates of the CHO-NgR cell line. C, Both wild-type and 
NgR-transfected CH0 cells are strongly inhibited in spreading by the Nogo-A-specific region 
NiG, whereas they are unresponsive to Nogo-66. 



The Nogo-66 receptor NgR is not required for inhibition of 
cell spreading 

We isolated a cDNA encoding the rat NgR protein (GenBank 
accession number AF462390) and generated anlisera against spe- 
cific peptides of the protein. To study the role of NgR for inhibi- 
tion of cell spreading, we generated a CHO cell line stably ex- 
pressing rat NgR at high levels on its cell surface (Fig. 5A,£). 
Wild- type CHO cells (CHO-wt) do not express detectable 
amounts of NgR as determined by RT-PC R (40 cycles; data not 
shown) and Western blotting (Fig. SB). Spreading of both 
CHO-wt and CHO-NgR was dose -dependency inhibited by 
Nogo-A aa 1 74 -979 (NiG). Independent of NgR expression, nei- 
ther ceil line responded to coated Nogo-66 ( Fig. 5C). 

These results show that the inhibition of fibroblast-Like cells 
by the Nogo-A-specific active region can occur in the absence of 
NgR and that the presence of NgR does not change the respon- 
siveness of the cells to Nogo-66 or Nogo-A. 

Presence of binding site(s) for active Nogo-A-specific 
fragments on 3T3 fibroblasts and rat brain cortical 
membranes 

Because the Nogo-A fragments aa 1-172 and aa 544-725 
(NiR-A2 and NiG-A20) were inhibitory for cell spreading and 
neurite outgrowth despite the absence of Nogo-66 and indepen- 
dently of NgR, the presence of a separate, Nogo-A-specific recep- 
tor has to be postulated. We therefore performed binding studies 
of multimerized, myc-tagged, and IMAC-purified Nogo-A aa 



•--■J .!•",:. 
■"I : : 






5E ' ' ' ^ 



3T3<CPB}> 








o 

• TTT-- 

- . . .. : .sjft/:' 




Figure 6. Binding of aminoterminal Nogo fragments to 3T3 cells and cortical membranes. A, 
Binding of NiR-G (aa 1-979) to 3T3 cells. 3T3 fibroblasts were incubated with a preformed 
complex consisting of a-myc antibody (9E10), FITC-conjugated f (ab} 2 goat a-mouse IgG frag- 
ments, and myc-tagged amino-terminal fragment of Nogo-A (NiR-G). Binding of the complex 
to 3T3 fibroblasts was analyzed by flow cytometry. Unstained 3T3 fibroblasts were used as 
negative control. Further negative controls include 3T3 cells incubated with a complex consist- 
ing of the a-myc antibody and the FITC-conjugated a-mouse Ab or with the FITC-<onjugated 
a-mouse Ab alone. B, Binding of NiR-G to 3T3 cells is protease sensitive: trypsinization of 3T3 
fibroblasts before incubation with Nogo completely abolishes Nogo* binding to their surface. C 
Western blot of purified, myc-epitope-tagged NiR-G. D, Silver-stained gel of IMAC-purified 
NiG-A20. M, Molecular weight standard. E, Binding of 1.3 m [ 125 l]-NiG-A20 to rat brain 
cortical membranes and competition by increasing concentration of unlabeled NiG-A20. □ 
indicates the values obtained after incubation of 1.3 n« [ 125 lj-NiG-A20 in the absence of cor- 
tical membranes, i.e., nonspecific binding to the tubes. Values are represented as mean ± SE 
(**p < 0.01; ***p < 0.001; Student's t test for competition; n = 3). 



5400 • J.Neurosd,July2, 2003 • 23(13)3393-5406 



Oertle et al. • Three Different Inhibitory Regions of Nogo-A 



1-979 (Fig. 6C) to living 3T3 fibroblasts. 
The cells were labeled in suspension at 4°C 
and subsequently analyzed by flow cy- 
tometry. Anti-rnyc monoclonal antibody- 
complexed myc- tagged Nogo-A fragment 
(NiR-G) bound efficiently to 3T3 cells as 
seen by a shift in fluorescence of >90% of 
the 3T3 cells (Fig. 6A). In contrast, 3T3 
cells were not labeled after incubation 
with the primary mouse anti-rnyc mAb 
complexed with an FITC-conjugated sec- 
ondary F(ab) 2 goat anti-mouse IgG in the 
absence of Nogo-A or with the secondary 
Ab alone. The binding of the amino ter- 
minal Nogo-A fragment to the surface of 
fibroblasts is protease sensitive, because 
3T3 cells that were dissociated with tryp- 
sin before Nogo-A incubation do not bind 
Nogo-A (Fig. 6B). 

To test binding of Nogo-A aa 544-725 
(NiG-A20) to rat cortical membranes, we 
used [ 125 I]-labeled NiG-A20 in a radioli- 
gand binding assay (Fig. 6D). [ i25 T]- 
labeled Nogo fragment bound to these 
brain plasma membranes. The specificity 
of binding was shown by a concentration- 
dependent competition of [ i25 I]-NiG- 
A20 binding at a concentration of 1.3 nM 
by increasing amounts of unlabeled Nogo- 
Aaa 544-725 (Fig. 6E). 

These results show that defined, bioac- 
tive fragments of Nogo-A can bind to the 
surface of 3T3 cells and rat cortical mem- 
branes, demonstrating the presence of 
membrane-bound, Nogo-A-specific bind- 
ing sites or receptor(s) different from the 
Nogo-66 receptor NgR. 
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Figure 7» Nogo-A is present at the cell surface of cultured oligodendrocytes, live, unpermeabilized oligodendrocytes (3 d in 
culture) were incubated with anti-Nogo-A antibodies, fixed, and visualized with secondary antibodies conjugated with alkaline 
phosphatase. All antibodies against the N-terminus of Nogo-A stain the cell surface of oligodendrocytes (mAb 11C7, mAb 11 A8, 
mAb 3D1 1, mAb 7B12, AS Bianca), although more weakly than an antibody against the surface glycoprotein MAG (shorter devel- 
opment; see Materials and Methods). The control mouse IgG ( d) and an antibody against the intracellular oligodendrocyte protein 
CNPase (e) do not stain oligodendrocytes. Preincubation of 1 1C7 with the immunogen, peptide P472, reduced the staining to 
background levels ( b), whereas preincubation with an unspecific peptide (Px) did not result in a reduction in staining intensity ( c). 
Furthermore, AS 922 against the C-terminal Nogo-66-region stains the cell surface of living oligodendrocytes (/), whereas the 
corresponding preimmune serum (pre-922) gives only background staining ( m). Staining of co-cultures of oligodendrocytes with 
CHO cells expressing rat Nogo-A with mAb 1 1 Q shows that although intact oligodendrocytes are stained, Nogo-A produced by CH0 cells 
(arrow) is not detectable at the cell surface (o). Both cell types are stained with 11C7 after permeabilization(p). Scale bar, 25 /wn. 



Antibodies against Nogo-A 

Antisera and monoclonal antibodies were raised against Nogo-A 
peptides or recombinant protein fragments (Fig. 1). The mono- 
clonal antibody 1 1C7 was raised against Nogo-A aa 623-640, Le., 
the same Nogo-A specific peptide as the rabbit AS 472 (Chen et 
al., 2000). Three other mAbs raised against Nogo-A aa 1-979 
(NiR-G) reacted with different epitopes as determined by ELISA 
on the Nogo protein fragment library: 1 1 A8 recognizes the most 
N- terminal part of the Nogo-A-specific region (~aa 209-233), 
and 7B 12 ( -aa 763-820) and 3D1 1 (—aa 910-920) recognize the 
C-terminal part of the Nogo-A-specific region of the molecule. 
Two antisera (AS Bianca and AS Rosa) recognize the N-terminal 
region aa 1-172 (NiR), common to both Nogo-A and Nogo-B. 
Finally, antisera were raised against the Nogo-66 region (AS 922) 
and the C terminus of Nogo including the ER retention signal (AS 
294), respectively. 

Antibodies against all epitopes identified the 190 kDa 
Nogo-A band on a Western blot of oligodendrocyte cell cul- 
ture homogenate (Fig. IB). AS Bianca, AS 922, and AS 294 also 
recognize the 55 kDa band of Nogo-B. mAb 3D 11 and AS 922 
recognized an additional band at —80 kDa, which could be a 
breakdown product of Nogo-A. At longer exposure times, AS 
922 and AS 294 both stained additional bands even after affin- 
ity purification. 



Domains of Nogo-A present at the cell surface of 
cultured oligodendrocytes 

Cultures of unpermeabilized living oligodendrocytes were incu- 
bated with different anti-Nogo-A antibodies. The Nogo-A- 
specific mAbs 11C7, 11A8, 7B12, and 3D11 (Figs. 1, 7a£g y h) as 
well as AS 472 (data not shown) stained the surface of the differ- 
entiated oligodendrocyte cell bodies and their process network- 
Compared with stainings for GalC or sulfatide (data not shown) 
or an mAb against the oligodendrocyte surface protein MAG 
(Fig. 7n), the Nogo staining was relatively weak. The specificity of 
the cell surface staining is suggested by the following results. (1) 
The control mouse IgG and the antibodies against the intracellu- 
lar protein CNPase did not stain intact living cells (Fig. 7d,e). (2) 
Preincubation of mAb 1 1C7 (or AS 472; data not shown) with the 
corresponding immunogenic peptide P472 reduced staining to 
background levels (Fig. 7b). Preincubation of mAb 11C7 or AS 
472 with an unspecific peptide (Px) before their addition to the 
cells did not reduce the staining (Fig. 7c). (3) Co-cultures of 
oligodendrocytes with transfected Nogo-A-expressing CHO cells 
were stained with mAb 1 1C7. Although intracellular Nogo-A was 
detectable in both cell types after permeabilization (Fig. 7p), sur- 
face Nogo-A could be detected only on oligodendrocytes but not 
on the transfected CHO cells (Fig. 7o). This observation suggests 
that transport of Nogo-A to the cell surface could be cell-type 
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Figure 8. Precipitation of Nogo-A from cell-surface blotinyiated oligodendrocytes. Living 
cultures of oligodendrocytes were incubated with a ceil-impermeable NHS-biotin analog. The 
biotinylated proteins were precipitated with streptavidin-coated beads, and the precipitate 
(Ppt) and supernatant (Sup) were analyzed by Western blot. All of the pellet and 1/10 of the 
supernatant were loaded, AS 472 showed the presence of Nogo-A in the precipitated sample, 
whereas the intracellular proteins /3-tubuiin and BiP were not present in the precipitated ma- 
terial. Intracellular Nogo-A, 0- tubulin, and BiP were found in the supernatant. 

specific. AS Bianca recognizing the N-terminus of Nogo-A, 
but not the corresponding preimmune serum, also stained the 
cell surface of living oligodendrocytes (Fig. 7i,fc). Staining with 
AS 922 showed that also the Nogo-66 region is exposed on the 
surface of oligodendrocytes, confirming previous reports 
(GrandPr6 et al., 2000). Because AS 922 stains additional 
bands on Western blot (Fig. 1 £), however, we cannot exclude 
the possibility that the antiserum also recognizes proteins 
other than Nogo on the cell surface of oligodendrocytes. Cell 
surface staining was present on all major and small processes 
and on the cell body. 

These results suggest that the Nogo-A-specific part and the 
N-terminus of the molecule as well as the Nogo-66 loop are 
exposed to the extracellular space on the plasma membrane of 
oligodendrocytes. 

Cell surface biotinylation of Nogo-A 

To confirm the presence of Nogo-A on the cell surface of 
oligodendrocytes, living, unpermeabilized cultures of new- 
born rat brain oligodendrocytes were exposed to a membrane- 
impermeable biotinylating reagent. Biotinylated proteins were 
precipitated with streptavidin-coated beads. The precipitated 
proteins and the supernatants of the precipitates were analyzed 
by Western blot. In the precipitate, Nogo-A was recognized by 
the Nogo-A-specific AS 472 with the expected molecular weight 
of 190 kDa (Fig. 8). This band was also recognized by another 
anti~Nogo-A antiserum, AS Bruna (data not shown) and was not 
detected when biotin was omitted in control experiments (data 
not shown). The abundant intracellular proteins /3-tubulin and 




Figure 9. Nogo-A-specific epitopes are detected at the cell surface of 3T3 fibroblasts. 3T3 
fibroblasts were detached with Cell Dissociating Buffer (Invitrogen) and incubated with 11C7 
(a-Nogo- A) at a concentration of 0.1 /liw for 1 hr. As an isotype control, the a-FLAG-M2 anti- 
body is used at a concentration of 0.1 /ulm. After washing twice with PBS, the cells were incu- 
bated with a goat <*-mouse FITC-iabeled antibody (1:100) and analyzed by flow cytometry. 
Additional negative controls include unstained 3T3 fibroblasts and the secondary antibody 
alone. In all experiments dead cells were detected by Via-Probe (BD-PharMingen) and are 
excluded from the analysis. Note that the 11 C7 antibody detects the Nogo-A-specific region on 
intact, unpermeabilized 3T3 fibroblasts. 



BiP were not present in the precipitated material but were de- 
tected in the supernatant (Fig. 8). In line with the data shown 
below (see Fig. 10), large amounts of Nogo-A were also present 
intracellularly. Densitometric analysis of blots of three separate 
experiments revealed that ~ 1% of total cellular Nogo-A could be 
precipitated by biotinylation from the cell surface of the cultured 
oligodendrocytes. 
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Figure 10. Topology of Nogo-A in cultured oligodendrocytes. Oligodendrocytes (3-5 d in 
culture) were either fixed and completely permeabilized with Triton X-100 (Tx-100) or only 
plasma membrane permeabilized with digitonin (DIG). Cells were incubated with different 
a-Nogo-A antibodies. All a-Nogo-A Abs, mAb 11C7, AS Bianca, and AS 922 specifically recog- 
nize oligodendrocytes in dissociated rat optic nerve cultures (left row). After selective perme- 
abilization with DIG, mAb 11 a, AS Bianca, and a-actin IgM mAb stain Nogo in the cytoplasm of 
oligodendrocytes (right row), whereas AS 922 does not. Antibodies against the luminal ER 
protein BiP were used as a control for the selective permeabilization. In DIG-permeabilized cells, 
no a-BiP staining could be detected, whereas all cells were strongly stained in the Tx-100- 
permeabilized cultures. Scale bar, 30 ptm. 
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Nogo-A is present at the surface of 3T3 fibroblasts with Nogo- 
A-specific regions facing the extracellular space 
Nogo-A is expressed endogenously in various cultured cell lines 
including the Nogo-A-responsive 3T3 fibroblasts (as shown by 
RT-PCR and Western blot) (Oertle et al., 2003b). To analyze 
whether Nogo-A-specific regions are also present on the sur- 
face of these cells, 3T3 fibroblasts were detached from the 
culture flask with Cell Dissociation Solution and incubated in 
suspension with 0.1 /am Nogo-A-specific mAb 1JC7, followed 
by FITC-conjugated secondary Ab. Cells that bound the 
Nogo-A antibody were separated from unlabeled cells by 
fluorescence-activated cell sorting. mAb 11C7, but not a 
mouse IgG control Ab or the secondary Ab alone, labeled the 
3T3 cells as seen by a large shift of the fluorescence intensity of 
the 3T3 cell population (Fig. 9). 

This result indicates that the mAb 11C7 epitope, aa 623- 
640, which lies within the Nogo-A-specific region with highest 
inhibitory activity, is present on the surface of living 3T3 
fibroblasts. 

Intracellular localization and topology of Nogo-A 

Fixed and permeabilized oligodendrocytes in cultures derived 
from P7-P10 optic nerve were stained with AS 472, AS 922, AS 
Bianca, and the mAbs 11C7, 11A8, and 3D11 (Fig. 10). The bulk 
of the staining was reticular, present in both the cell body and the 
large processes of the oligodendrocytes. Note the difference in 
staining between Nogo-A (Fig. 10, 11C7 Tx-100), an ER mem- 
brane protein, and BiP ( Fig. 10, a-BiP Tx-100), which is a soluble 
protein present in the ER lumen. (The same reticular staining 
patterns were obtained with calnexin, also an ER membrane pro- 
tein) (Fig. 1 1 A-C). Nogo-A was not detectable on the membrane 
sheaths formed between the fine processes at longer culture times 
(data not shown). To elucidate the orientation of the intracellular 
protein, we selectively permeabilized oligodendrocytes with dig- 
itonin (DIG), an agent that at low concentrations permeabilizes 
solely the plasma membrane and leaves intracellular membranes 
intact (De Strooper et al., 1997). In cultures permeabilized with 
DIG, all antibodies and antisera except for AS 922 stained 
Nogo-A in the cytoplasm of oligodendrocytes (Fig. 10, right 
row). Staining with an antibody against a lumenal ER protein, 
BiP, was negative (Fig. 10), whereas staining against actin was 
positive (Fig. 10), showing the selectivity of the plasma mem- 
brane, but not ER, permeabilization. 

These results demonstrate that the Nogo-A-specific region 
and the N -terminus of Nogo-A are exposed to the cytoplasmic 
side of intracellular membranes, at least for a large part of the 
Nogo-A residing in the ER. 

We then examined in which intracellular compartment 
Nogo-A was present by colocalization studies using confocal 
microscopy. Double labeling with antibodies against Nogo-A 
and the ER marker calnexin (Fig. 1 1 A-C) revealed that most 
but not all Nogo-A colocalized with calnexin. The colocaliza- 
tion was most marked in the oligodendrocyte processes. In the 
cell body, an area could often be observed to one side of the 
nucleus where only Nogo-A was present but the ER marker 
was absent (Fig. 11C, arrowhead). In this perinuclear region, 
Nogo-A colocalized with the Golgi marker MG160 (Gonatas el 
al., 1989;CrouletaL, 1990; Gonatas et aL, 1995) (Fig. 11 D-F). 
Thus, Nogo-A is present intracellularly in both the ER and the 
Golgi complex. 
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Figure 11. Intracellular localization of Nogo-A in cultured oligodendrocytes. Fixed oligodendrocytes permeabilized with Triton 
X-100 were double stained with mAb 11C7 {A, red) and the ER marker a-calnexin {B, green) or AS 472 (0, red) and a-MG160 
outlining the Golgi complex (£, green) and analyzed by confocai microscopy in single optical sections. Nogo-A colocalizes with 
calnexin (C, yellow) as well as with the Golgi-marker (F, yellow). The magnification in Cis taken from a different ceil. The planes of 
the optica! sections were chosen for optimal visualization of the colocaiization of Nogo with the marker proteins in the cell body and 
the main processes. Both mAb 11C7 and AS 472 stain the entire cell with all the processes. Note the regions in which the Nogo-A 
im munoreactivity does not completely overlap with the ER-marker (C, arrowheads) or Golgi-marker [F, arrowheads). Scale bar: On 
OA-C,2Ofun;0-f,15/Am. 



Discussion 

Three domains of Nogo-A are differentially involved in the 
inhibition of cell spreading, neurite outgrowth, and growth 
cone collapse 

More than 50 Nogo protein fragments were expressed in E. coli or 
eukaryotic cells and coated as culture substrates or added as sol- 
uble proteins to cultured cells. Three active regions of Nogo could 
be defined. ( 1) On the basis of our semiquantitative analysis, the 
N-terminus of Nogo-A/-B inhibits 3T3 cell spreading as a sub- 
strate but has only a minor effect on neurons. (2) The Nogo-A - 
specific region and its central 181 amino acids are an inhibitory 
substrate for primary neurons, PC 12 cells, and fibroblasts, and 
the same regions induce growth cone collapse when added as 
dimers in solution. (3) Dimeric Nogo-66 (loop region between 
the two C- terminal hydrophobic regions) induces growth cone 
collapse, but Nogo-66 or Nogo-C coated as substrate are inhibi- 
tory for neither E7-E9 chicle retina or PC 12 cell neurite out- 
growth nor fibroblast spreading. Thus, Nogo-66 peptide seems to 
be prime facie more potent than the Nogo-A-specific region in 
inducing DRG growth cone collapse, whereas the Nogo-A- 
specific region has a stronger neurite outgrowth inhibitory activ- 
ity. This might indicate that the interaction of Nogo-66 with its 
receptor NgR could be involved primarily in axonal guidance, 
whereas the Nogo-A-specific region could be involved in limiting 
plasticity and regeneration. It is known from other proteins that 
multiple distinct regions might contribute to their inhibitory ac- 
tivity (Ughrin et aL, 2003). 

The potent inhibitory activity of the Nogo-A regions has been 
recognized previously (Chen etal., 1999, 2000; Oertle etal., 2000; 
Prinjha et al., 2000; Fournier et aL, 2001). The physiological im- 
portance of this region is emphasized by the fact that an anti- 
serum (AS 472) against aa 623-640 in the Nogo-A-specific region 
neutralizes the inhibitory activity of CNS myelin in vitro (Chen et 



aL, 2000) and induces sprouting of adult 
rat Purkinje axons in vivo (Buffo et aL, 
2000). A contribution of the aa 763-865 
region (NiG-Al9) to the inhibitory activ- 
ity in vivo is emphasized by recent findings 
showing that pump-infused mAb 7B12, 
which binds to an epitope within NiG- 
Al9, leads to compensatory axonal 
sprouting along with improved functional 
recovery after experimental stroke in 

I adult rats (Wiessner et al., 2003). On the 
other hand, the role of Nogo-B and 
Nogo-C (both containing Nogo-66), 
which have a broad expression pattern in 
peripheral tissues as shown by Northern 
and Western blots (Morris et aL, 1999; 
Tagami et aL, 2000; Huber et aL, 2002), is 
still unclear. 
The Nogo-A-specific region has an in- 
hibitory effect on a range of cells including 
neurons, 3T3 fibroblasts, and CHO cells. 
Nogo-A, which is predominantly present 
in oligodendrocytes and myelin in the 
adult CNS, may therefore not only restrict 
neurite growth, plasticity, and axonal re- 
generation, but also limit the invasion and 
migration of cells and tumors in the CNS 
(AmbergeretaL, 1998; BelienetaL, 1999). 
The presence of Nogo-A in various cell 
lines in vitro (Oertle et al., 2003b), and on 
the surface of 3T3 fibroblast cells in particular, may suggest an 
additional role, e.g., in the context of cell contact-mediated 
growth control. 

All of these results suggest that the Nogo-A molecule possesses 
several binding sites (at least two for fibroblasts and neurons, 
respectively) and that the Nogo receptor is possibly a complex 
composed of several different subunits. One such sub unit, NgR, 
serves as receptor component for the Nogo-66 peptide (Fournier 
et ai., 2001), OMgp (Wang et aL, 2002a), and MAG (Domeniconi 
et aL, 2002; Liu et aL, 2002). Being a GPl-anchored protein, it 
requires additional subunits for signal transduction. The bioac- 
tive Nogo-A-specific regions bind efficiently to the surface of 3T3 
fibroblasts and to rat brain membranes, hence strongly suggest- 
ing the presence of Nogo-A-specific receptor(s). Our data dem- 
onstrate that the Nogo-A-mediated inhibition of cell spreading 
can occur in the absence of NgR and that the presence of NgR 
does not change the responsiveness of CHO cells to Nogo-66 or 
Nogo-A. 

Activation of the small GTPase RlioA has been shown to be a 
crucial step in the signal transduction of inhibitory cues in vari- 
ous neurons (Li et aL, 2002; Winton et aL, 2002). The Nogo-66 
peptide can activate Rho-A (Niederost et aL, 2002), probably via 
activation of the NgR coreceptor p75 NTR (Wang et aL, 2002b). 
Interestingly, the Nogo-A fragments aa 174-979 (NiG) and aa 
544-725 (NiG-A20) have been shown to also activate RhoA and 
inhibit Rac in cerebellar granule cells and 3T3 fibroblasts (Nied- 
erost et aL, 2002), and this still occurs after removal of NgR by 
phosphoinositide-specific phospholipase C treatment. These re- 
sults suggest that RhoA activation is a key downstream compo- 
nent for both NgR and the putative Nogo-A-specific receptor. 

Heteromeric receptor complexes interacting with different 
binding sites of a given ligand are well known for axonal guidance 
molecules [e.g., plexins and neuropilins for semaphorins (Tama- 
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gnone et al., 1999)] as well as for neurotrophic factors [e.g., tro- 
pomyosin related kinases and p75 neurotrophin receptor 
(p75^) for neurotrophic (Lee et aL, 2001)] and inhibitory 
proteins [e.g., p75, NgR and gangliosides for MAG (Domeniconi 
et al, 2002; Liu et aL, 2002; Vyas et aL, 2002; Yamashita et al., 
2002]. Whether the specificity of the response to Nogo (growth 
inhibition vs growth cone collapse; cell type specificities) is linked 
to specific binding sites and receptor subunits remains to be 
investigated. 

Inhibitory regions of Nogo-A are exposed at the cell surface 
of oligodendrocytes 

Several lines of evidence suggest the presence of large parts of 
Nogo-A, including the inhibitory regions at the cell surface facing 
the extracellular space. These include cell surface biotinylation, 
immunocytochemistry on living cultured oligodendrocytes with 
three antisera and four monoclonal antibodies, all against differ- 
ent parts of Nogo-A, and cell sorting of surface-labeled 3T3 fibro- 
blasts. The presence of Nogo-A at the cell surface of oligodendro- 
cytes in vitro is consistent with results obtained in vivo: sprouting 
of axons can be elicited in intact regions of the adult rat CNS by 
application of AS 472 or mAb 7B12 (Buffo et aL, 2000; Wiessner 
et al., 2003). 

Nevertheless, a high proportion of Nogo-A protein was found 
intracellularly, associated with ER and Golgi membranes. In 
transfected cell lines such as COS or CHO cells, ectopically ex- 
pressed Nogo is also localized in the ER and Golgi and was not 
detected on the cell surface (data not shown). Interestingly, 
Nogo-A was detected on the cell surface only in differentiated 
oligodendrocytes, but intracellular Nogo-A was present also in 
oligodendrocyte precursors (Wang et aL, 2002c) (our unpub- 
lished observations). This is in agreement with the observation 
that the contact-mediated inhibition exerted by cultured oligo- 
dendrocytes was not detectable in precursor cells (Schwab and 
Caroni, 1988; Bandtlow et aL, 1990). In addition, intracellular 
Nogo-A released to the extracellular matrix after oligodendrocyte 
and myelin damage might contribute to the inhibition of axonal 
regeneration as has been proposed previously (Goldberg and 
Barres, 2000). 

Permeabilization of only the plasma membrane of oligoden- 
drocytes before addition of antibodies revealed that the Nogo-A- 
specific sequences that face the extracellular space at the plasma 
membrane can also be exposed at the cytoplasmic side of intra- 
cellular Nogo. This would support the hypothesis that Nogo-A 
exists in at least two different membrane topologies in oligoden- 
drocytes. The topogenic contribution of the unusually long hy- 
drophobic domains ( 35 and 36 aa) is thought to be important for 
this uncommon membrane orientation of the Nogo proteins. It is 
unclear whether Nogo-A that is present at the cell surface of 
oligodendrocytes is translocated in the ER in two different orien- 
tations or whether it changes its topology at a later stage, e.g., in 
the Golgi or at the plasma membrane, analogous to certain viral 
envelope glycoproteins of hepatitis B and C virus (Ostapchuk et 
aL, 1994; Cocquerel et al., 2002). 

Nogo-A has no signal sequence. As an alternative, many un- 
conventional membrane proteins can use internal hydrophobic 
sequences as signal anchor (Coder and Spiess, 2001 ); for Nogo-A 
this could be one of the C-terminal transmembrane domains. 
The N-terminal domain would then be translocated only after 
synthesis has been completed, as has been described for other 
proteins (Lu et al., 1998; Monne et al., 1999; Nilsson et al., 2000; 
Goder and Spiess, 2001; Cocquerel et al., 2002). It is also possible 
that Nogo-A reaches die cell surface by a nonconventional path- 
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way, for example by inserting direcdy into the plasma membrane. 
For several proteins that have been shown to exhibit more than 
one topological orientation, such as P-glycoprotein, ductin, cy- 
tochrome P450, microsomal epoxide hydrolase, or prion protein, 
the different topological forms can result in protein targeting to 
different cellular compartments or correlate with multiple bio- 
logical functions (for review, see Levy, 1996; Hegde et al., 1998). 

Cell-surface Nogo-A comprises —1% of the total cellular 
Nogo-A. The large intracellular pool of Nogo-A present in oligo- 
dendrocytes may represent an unprocessed precursor form [as 
for cystic fibrosis transmembrane regulator (CFTR)] (Lu et al., 
1998) and/or may have an intracellular, additional function as 
for, e.g., members of the S100 protein family (for review, see 
Donate, 1999), CFTR (Bradbury, 1999), and the inositol 1,4,5- 
trisphosphate receptor (Cunningham et al., 1993; Bush et al., 
1994; Mayrleitner et al., 1995; Quinton and Dean, 1996; Tan- 
imura et al., 2000). 

Additional studies are required to unequivocally demonstrate 
the herein proposed surface exposure of Nogo-A-specific and 
Nogo-66 epitopes. Moreover, the identification of the exact to- 
pology of the two large C-terminal hydrophobic regions, e.g., by 
TROSY-based nuclear magnetic resonance (Fernandez et al., 
2001 ), could further clarify our model of two different membrane 
orientations of Nogo-A. 

In summary, our data demonstrate that the Nogo-A-specific 
part of the molecule has neurite growth inhibitory properties in 
vitro , and we propose that it is present at the cell surface of certain 
cells. Different stretches of Nogo-A contribute to this inhibitory 
activity. The Nogo-A-specific stretches are shown to bind to the 
surface of responsive cells and brain cortical membranes, sug- 
gesting die presence of new, so far unknown, Nogo-A-specific 
receptor(s) functioning independently of or in a complex with 
the Nogo-66 receptor NgR. Results from several experiments in- 
dicate that Nogo-A can have at least two different membrane 
topologies, pointing to the possibility of multiple functions both 
at the cell surface and intracellularly. The data presented here 
contribute to the understanding of the mechanisms underlying 
Nogo-mediated neurite growth inhibition and provide impor- 
tant information for the identification of new interacting mole- 
cules (receptors, intracellular binding partners) involved in Nogo 
processing and signaling. 
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Tumor necrosis factor receptor superfamily member TROY is a novel melanoma 
biomarker and potential therapeutic target 

Remco A. Spanjaard 1 ' 2 *, Kara M. Whren 3 , Carole Graves 1 and Jag Bhawan 3 

1 Department of Otolaryngology, Cancer Research Center, Boston University School of Medicine, Boston, MA 
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Incidence of melanoma continues to rise, and a better understand- 
ing of its genetics will be critical to improve diagnosis and develop 
new treatments. Here, we search for novel melanoma-specific 
genes that may serve as biomarkers and therapeutic targets by 
using an in vitro genetic screen. One identified cDNA encoded 
TROY, a member of the tumor necrosis factor receptor superfam- 
ily (TNFRSF). TROY is widely expressed during embryogenesis, 
but in adults expression is restricted to hair follicles and brain. 
However, TROY had never been associated with melanoma, and 
it was selected for further study. First we show that expression in 
melanoma is specific by semiquantitative RT-PCR analysis of a 
large panel of established tumor cell lines. Next, specificity of 
expression was evaluated by immunohistochemistry analysis of 
primary cell cultures and patient tissues. TROY is expressed in 
2/2 primary melanoma cells and 45/45 melanoma tissue samples 
(p < 0.0001). With the exception of sebaceous glands, TROY is not 
expressed in normal skin biopsies (p < 0.0001) or primary skin cell 
cultures that contain keratinocytes and epidermal melanocytes, 
nor is it expressed in other skin tumor cells (p < 0.0001). Finally, 
we show that TROY regulates melanoma growth, because replica- 
tion of melanoma cells with reduced TROY levels through treat- 
ment with short-interfering RNA was significantly decreased rela- 
tive to control cells (p < 0.004). In summary, TROY is the first 
TNFRSF member that is a biomarker for melanoma. TROY also 
presents a potentially novel cell surface signaling target for inhibi- 
tors, cell and/or antibody-based immunotherapies. 
© 2006 Wiley-Liss, Inc. 

Key words: tumor, therapy; TNFRSF 19; TRADE; TAJ 

While incidence of most cancers is declining, melanoma is an 
exception, because there is about a 3% rise in cases per year. 
According to statistics compiled by the American Cancer Society, 
there was an estimated 59,000 new cases in 2005, of which over 
7,800 patients were expected to have died. Even worse, in the past 
3 decades, no therapeutic advances have been made that would 
increase survival rates of patients with late stage disease, which 
currently hovers around 3-9%. Metastatic melanoma, the usual 
cause of death, is notoriously resistant to conventional therapy. 
Only improved understanding of the genetics of this disease can 
be expected to lead to new therapeutic breakthroughs, and much 
progress has been made in the identification of important genes 
such as B-RAF, N-/M5, 1 ' 2 TPS 3, RB? bFGF* c-KWSCF? EGFR 
and CDK inhibitor pI6 INK4a , which was identified as a susceptibl- 
ity gene in familial melanoma, and p^** 1 ", an alternative product 
of the murine INK4a/ARF locus, equivalent to p!4 ARF in humans. 7 
Lately, much attention has been devoted to MITF and BRAF as 
new molecular targets, 8 and a new BRAF inhibitor is currently 
evaluated in clinical trials. 9 Moreover, gene expression profiling 
techniques have provided information on whole classes of genes 
that predispose or direct tumors to acquire different physiological 
properties. 0-12 Based on these findings, several new mouse mel- 
anoma models have been developed that mimic human disease. 
However, despite all these efforts, few significant new drugs or 
therapies have come to the clinic and immuno and biochemother- 
apy remain the most promising strategies. 14-17 Although some 
candidates have been identified, 1518, the scarcity of tumor- 
specific cell surface proteins has largely prevented the develop- 
ment of therapeutic antibodies that have proven relatively success- 
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ful in other solid tumors. Thus, more targets, ideally signaling 
molecules present on the cell surface, are urgently needed to de- 
velop new intervention therapies. 

We have been using murine S91 melanoma cells as a valuable 
in vitro model of melanoma and for the cloning of melanoma- 
associated genes and pathways that mediate growth, differentia- 
tion and apoptosis in response to treatment with retinoids. 
Using this model, we identified a Type I transmembrane receptor 
member of the tumor necrosis receptor superfamily (TNFRSF) 
called TROY, 23 TAJ 24 or TNFRSF 19. In addition, some hTROY 
C-terminal splice variants have been reported 25 as well as a putative 
decoy receptor that misses the cytoplasmic tail, named dTROY^ 
which was recently shown to act as a dominant negative TROY. 

During mouse embryogenesis, TROY RNA is detected in many 
developing tissues, such as limb buds, eyelids, whiskers, mam- 
mary glands, epidermis, bronchial, tongue, dental and gastric epi- 
thelium, conjunctiva and cochlea, while some expression is also 
seen in mesenchymal tissues. However, in adult animals, this pat- 
tern changes dramatically and TROY expression becomes re- 
stricted to hair follicles and neuron-like cells in the cerebrum, cer- 
ebral cortex, cerebellum and developing olfactory svstem, as well 
as dorsal root and retinal ganglion neurons. " In humans, 
TROY RNA was also found highly expressed in brain and also in 
prostate, while low or undetectable levels were seen in heart, lung, 
liver, thymus, uterus, skeletal muscle, spleen, colon, testis, kidney 
and peripheral blood lymphocytes. 24 The reason or mechanism for 
this striking off- switch after birth is unknown, but its strict control 
indicates that aberrant expression may be detrimental. 

TROY is also a member of the ectodysplasin (EDA) receptor 
(EDAR) subfamily that includes EDAR and X-linked EDAR 
(XEDAR). Hypohidrotic ectodermal dysplasia (HED) is a congeni- 
tal disease that presents with sparse scalp hair, lack of sweat glands, 
and abnormal or missing teeth. HED is caused by mutations in 
EDA, EDAR or XEDAR, and it is suspected that TROY also plays 
a role in this disease. 31,32 It was recently established that TROY is 
a Nogo-66 receptor coreceptor that mediates inhibition of axonal re- 
generation by myelin inhibitors, 26 * 30 and so TROY has never been 
associated with melanoma. 

In this report, we show that TROY is expressed in all primary 
and metastatic melanoma cells and tissue samples, but not in me- 
lanocytes found in normal skin biopsies and primary skin cell cul- 
tures, nor is TROY detectable in other (skin) tumor cells. We also 
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provide evidence that TROY signaling is functional and contrib- 
utes to DNA replication in melanoma cells. Together, these results 
identify TROY as the first TNFRSF that can serve as a biomarker 
for melanoma. Moreover, TROY presents a novel and potentially 
unique cell surface-based signaling target for inhibitors, cell and/ 
or antibody-based immunotherapies. 

Material and methods 

Cell cultures 

Primary melanocytes were obtained from Cambrex Bio Science 
(Rockland, ME) and maintained in manufacturer's melanocyte 
growth media. Primary melanoma cells (Fig. 3b) were derived by 
Dr. Byers et al. 33 and maintained in Dulbecco's modified Eagle's 
medium with 8% (vol/vol) calf serum and 2% fetal calf serum 
(FCS). Established cell lines (Fig. 2) were obtained from the 
American Type Culture Collection (Manassas, VA) and grown in 
Dulbecco's modified Eagle's medium, with 10% (vol/vol) FCS at 
37°C, in 5% C0 2 in humidified air. 

Northern and Western blot analysis 

RNA was extracted using Trizol reagent (Invitrogen, Carlsbad, 
CA) and subjected to electrophoresis through a denaturing forma l- 
dehyde-agarose gel (1.6%). Other procedures, including genera- 
tion of r^Pl-labeled cDNA probes, were done as described. 21,2 
Relative TROY induction was calculated by scanning densitome- 
try. For Western blot analysis, 10 5 SK-Mel-2 cells were lysed m 
protein loading buffer and immunoblotted as described. *' 
TROY/TAJ expression was determined using anti- TROY/TAJ 
antibody (1:100) and p-actin by anti-actin antibody (1:2,000), fol- 
lowed by visualization with HRP-coupled secondary antibody 
(1:2,500) (Santa Cruz, Santa Cruz, CA) and ECL-plus reagent 
(GE Healthcare Bio-Sciences, Piscataway, NJ) as described. 

RT-PCR assay 

One microgram of RNA was used for reverse transcriptase (RT) 
reactions according to the manufacturer's protocol (Superscript 
First-Strand Synthesis System, Invitrogen). PCR conditions for 
amplification of TROY/TAJ and p-actin were as follows: 2 min at 
94°C, and then 40 and 35 cycles, respectively, of 1 min at 94°C, 
1 min at 56°C and 2 min at 72°C. Primer sequences are TROY/TAJ, 
forward: 5'-GCAAGAATTCAGGGATCGGTCTGG, reverse: 5'- 
AGCGCTGC AG AT AACGG C AG CC AG . p-Actin primers have 
been described. 21 

Short-interfering, RNA, transections and [ 3 H] -thymidine 
incorporation assay 

SK-Mel-2 (2.5 X 10 5 ) cells plated in 6- well plates were trans- 
fected using Lipofectamine Plus, according to the manufacturer's 
protocol (Invitrogen), with 30 nM scrambled control short-inter- 
fering RNA (siRNA) or siRNA (Ambion, Austin, CA) targeting 
hTROY/TAJ exon 3 (Genbank: NM_148957)/exon 2 (Genbank: 
NM_0 18647) After 6 hr, cells received complete media and were 
allowed to recover for 24 hr. Cells were then serum-starved for 
16 hr, after which they received complete media containing 1 uCi 
f 3 Hl-thymidine for 10 hr. Next, cells were fixed in 5% TCA, lysed 
in 0.5 M NaOH/0.5% SDS and radioactive nucleotide incorpora- 
tion was determined in a scintillation counter, or they were pre- 
pared for Western blot analysis to determine TROY expression 
levels. 

Antibodies, tissues and immunohistochemical analysis 

IRB approval was obtained prior to all studies involving patient 
materials. Only specimens that were >1 mm 3 with >10% tumor 
cells and <30% necrosis were included. 

Paraffin-embedded sections. Eleven paraffin-embedded mela- 
nomas taken from cases at Skin Pathology Laboratory, Depart- 
ment of Dermatology, Boston University were cut at 4 jiM and 
incubated overnight at room temperature with anti-TROY anti- 



body (1:20; Santa Cruz). Next, an IgG-AP polymer-labeled sec- 
ondary antibody was applied and incubated for 2 hr, followed by 
staining with liquid permanent red (Dakocytomation, Carpinteria, 
CA). Samples were also stained with anti-HMB-45 antibody 
(1:100, Dakocytomation) for 32 min on a Ventana Benchmark LT 
with enhanced v-red detection kit (Ventana Medical Systems, 
Tucson, AZ). MART-1 staining was done after microwave antigen 
retrieval with anti-MART- 1 antibody (Santa Cruz) using a Mach 4 
Polymer Detection system with diaminobenzidine as chromogen 
according to the manufacturer's instructions (Biocare, Concord, CA). 

Frozen sections. Thirty-four fresh frozen melanomas were 
obtained from the Cooperative Breast Cancer Tissue Resource 
(NCI). Other investigators may have received the same tumors. In 
addition, 6 basal cell carcinomas (BCC) and 10 histologically and 
clinically normal appearing skin samples adjacent to BCC, taken 
from Moh's surgery at the Department of Dermatology, Boston 
University Medical Center, were embedded in OCT (Sakura Fine- 
tek, Torrance, CA), cut at 5 uM and fixed in acetone. Slides were 
then immunostained with our own anti-TROY antibody for 
32 min at 1: 10 on the Ventana Benchmark LT using the enhanced 
v-red detection kit (Ventana Medical Systems). This antibody was 
raised by immunization of rabbits with a TROY-peptide Located in 
its N-teirninus (Qbiogene, Carlsbad, CA). Serum was affinity- 
purified against peptide (Arista Biologicals, Allentown, PA) and 
verified by ELISA (not shown). In addition, 10 melanoma samples 
were costained with anti-TRAF6 antibody (Santa Cruz) at 1:20 for 
32 min, using the same techniques. 

Cell lines. Two cell lines representing a primary and a meta- 
static melanoma 32 were grown on glass slides, fixed in acetone 
and irnrnuno stained with anti-TROY antibody (1:20, Santa Cruz) 
as described earlier. 

Skin cell culture. Keratinocyte cultures that contain some me- 
lanocytes were obtained by cutting foreskin into 1-mm squares 
and incubating for 45 min at 37°C and then overnight in 0.25% 
trypsin at 4°C. Next, epidermis was separated from the dermis, 
and primary cultures were obtained by placing keratinocytes in 
primary keratinocyte media. 

Statistical analysis 

Statistical significance of TROY expression in melanoma and 
absence of TRO Y expression in skin biopsies and BCC was deter- 
mined by 2-tailed Fisher's exact test. Statistical significance of 
reduced DNA proliferation in cells with suppressed TROY levels 
was determined by Student's /-test analysis. A difference of p < 
0.05 was considered statistically significant. 




Figure 1 - Northern blot assay (20 ug RNA/lane) showing that 
TROY is a novel RA-induced gene in S91 murine melanoma cells. 
Cells were treated for 16 hr with 1 uM RA or 0.1% DMSO vehicle 
control. Fold induction is shown later. Cyclophilin serves as loading 
control. 
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Figure 2 - Semiquantitative RT-PCR assay readily detects TROY mRNA in all human melanoma cell lines, but no or very low levels in nor- 
mal primary melanocytes, or nonrelated tumor cell lines. Embryonic 293 cells serve as positive control. -, no detectable expression; ±, very 
low expression* + , low expression; ++, moderately high expression; + + + , high expression. RT-panel shows lack of product in control reac- 
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Results 

TROY is a novel retinoic acid-regulated gene in S91 
melanoma cells 

S91 murine melanoma cells, which differentiate in response to 
retinoic acid (RA), serve as a valuable in vitro model of this dis- 
ease. During a genetic screen for melanoma-associated genes that 
may be important for growth and differentiation in murine S91 
cells, 21 ' 22 we identified TROY as a RA-regulated gene, as shown 
in a Northern blot analysis in Figure 1, where TROY expression is 
strongly induced (9.7-fold) after 16-hr treatment with RA While 
it has been shown that TNFa-receptors are induced by RA in neu- 
roblastoma cells, 35 , this is the first example of TROY or any other 
TNFSFR member that is induced in melanoma cells. Very few 
established cell lines express TROY RNA, although melanoma 
cells have never been tested. 25 



TROY RNA is specifically detected in melanoma cell lines 

TNFRSF members make up a very large gene family that con- 
trol signaling pathways for cell proliferation, differentiation and 
apoptosls. These are processes that shape development andtoe 
immune system, but which also play a role in carcinogenesis. 
Thus, our finding that TROY is expressed in this cell line is poten- 
tially interesting for melanoma biology. To assess its relevance for 
human disease, we first wanted to verify that TROY is expressed 
in human melanoma in a RA-independent manner. We also 
wanted to know whether TROY is expressed in melanocytes or 
other malignant cells. To address these issues, we used semiquan- 
titative RT-PCR to determine relative TROY RNA expression lev- 
els in a panel of cell lines representing a selection of widely used 
melanoma and epithelial cancer cells and one lymphoma that were 
all cultured in the absence of RA. Figure 2 shows that primary me- 
lanocytes do not express detectable TROY RNA, nor do any of 



the other established cancer cells, although 2 breast cancer cell 
lines (MDA-MB-23 1 and 435s) expressed very low levels. In con- 
trast, 5/5 melanoma cell lines expressed moderate (A375) or more 
typically high (SK-Mel-2 and 3, Hs695t and C32) levels of TROY 
RNA, independent of their pigmentation status. The magnitude of 
TROY expression is substantial because 293 cells, one of the very 
few nonmelanoma cell lines that are known to express TROY, in 
accordance with its embryonic lineage, 25 have lower levels than 
do the melanoma cells. These results suggest that TROY is not 
normally expressed in melanocytes; however, it is aberrantly reex- 
pressed at high levels in melanoma. 

Immunohistochemical analysis of TROY expression in epidermal 
skin melanocytes compared to primary and metastatic melanoma 

Next, we wanted to validate and expand upon our previous 
experiments by rjerforming an immunohistochemical analysis of 
TROY expression in normal skin biopsies and primary skin cell 
cultures that contain epidermal melanocytes, and comparing that 
with expression in primary melanoma cells and primary and meta- 
static melanoma tissue samples. Representative examples of our 
staining procedures are illustrated in Figure 3, and our complete 
results are summarized in Table I. Consistent with our in vitro 
studies, 0/10 (0%) of normal skin biopsies (Fig. 3a, panel 1), cul- 
tured skin keratinocytes mixed with epidermal melanocytes (Fig. 
3a, panel 2) showed any detectable TROY expression. A benign 
nevus also stained negative (not shown). In addition, 0/6 (0%) of 
BCC as a representative, nonmelanoma skin cancer did not show 
TROY expression (Fig. 3a, panel 3). Interestingly, we found mod- 
erately strong TROY-staining of germinative cells in sebaceous 
glands (Fig. 3a, panel 4), an observation that had not been re- 
ported from mouse studies. However, sebaceous glands develop as 
an appendix from the developing hair follicle, 3 * a site of known 
TROY expression in adult mice, 23 and thus this finding was not 



TROY: A BIOMARKER AND THERAPEUTIC TARGET 



1307 




Figure 3 - Immunohistochemical analysis showing that TROY is specifically reexpressed at high levels in melanoma. TROY-signaling is 
likely functional in these tumors because TROY and TRAF-6 are coexpressed. Representative samples of various tissues and cells stained with 
various antibodies or hematoxylin. Original magnification, X20. See Table I for overview of complete staining results, (a) Negative TROY- 
staining is found in normal skin biopsies that include epidermal melanocytes (panel 1. arrow), and also cultured normal primary skin that consist 
of keratinocytes mixed with melanocytes (panel 2, arrows). BCC (panel 3, arrows) samples are also negative although moderately strong TROY 
staining is observed in sebaceous glands (panel 4). (b) In contrast to normal skin constituents, strong TROY staining is detected in primary cells 
derived from a primary (panel 1) and metastatic (panel 2) melanoma, (c) Melanoma (paraffin-embedded) tissue samples are also strongly posi- 
tive for TROY as illustrated by staining of a serial section of this tumor (panel I, hematoxylin-stained for reference; panel 2, TROY-staimng). 
The area in the indicated box is enlarged to provide more detail and intense cytoplasmic staining of individual tumor cells (indicated by anws) 
can be appreciated (panel 2). Additional sections were also found to be positive for widely used melanoma biomarkers HMB^5 (panel 3) and 
MART-1 (panel 4). (d) Finally, another serial (fresh frozen) section from a different tumor shows coexpression of TROY (panel 1) and adapter 
molecule TRAF-6 (panel 2). Note that infiltrating lymphocytes remain unstained (blue color in panels 1 and 2). 



unexpected. In contrast, 2/2 primary cell lines derived from a pri- 
mary and a metastatic tumor stained strongly positive for TROY 
(Fig. 3fr, panels 1 and 2, respectively). Moreover, analysis of all 
known primary (3) and metastatic (38, with 4 unclassified) mela- 
noma patient samples showed that 45/45 (100%) samples were 
TROY-positive with typically high levels of cytoplasmic expression 
in individual tumor cells, as illustrated by a metastatic tumor in Fig. 
3c, panels 1 and 2. For comparison, a serial section of this tumor 
was also stained for 2 widely used melanoma biomarkers. The 
HMB-45 antigen is thought to be a sialylated glycoprotein (gplOO) 
that is also present on normal melanocytes. MART-1 is a melano- 
cyte differentiation antigen that is recognized by cytotoxic T cells in 
a MHC class I-restricted fashion. Like HMB^15, not only is 
MART-1 expressed in most, but not all, melanomas, it is also 
expressed in normal melanocytes and benign nevi. Antibodies 
against HMB-45 and MART-1 stain this tumor with about the same 
intensity as TROY (Fig. 3c, panels 3 and 4, respectively) but, given 
the large number of studies on HMB-45 and MART-1 expression in 
melanoma, these markers were not further assessed here. 

These results are in agreement with our RT-PCR analysis, and 
show that TROY is a novel, melanoma-associated gene that is not 
expressed in benign melanocytes or other skin cells, nor is it 
expressed in nonmelanoma skin cancer. 



TNFR-associated factor-6 is coexpressed with TROY 

Next, we wanted to establish whether TROY is functionally im- 
portant for melanoma. There is no known ligand for TROY. TNF 
ligands 4-1BBL, APRIL, BAFF/THANK, CD27L, CD30L, CD40L, 
EDA1, EDA2, FasL, GITRL, LIGHT, lymphotoxin a, lymphotoxin 
ci0, OX40L, RANKL, TL1A, TL6, TNF, TRAIL and TWEAK 
were all excluded, and indeed, it cannot be certain that a ligand 
exists at this point. 25,40 Therefore, we addressed this issue in the 
following manner. TNFR-associated factors (TRAFs) are important 
adapter molecules for various TNFRs. Overexpressed TROY-sig- 
naling was previously found to be inhibited by dnTRAF-2, 5 and 
6, 23 and in agreement with these studies, TROY was shown to 
directly associate with all tested TRAFs- 1, 2, 3 and 5 24 Although 
these results suggest a rather redundant signaling cascade, we were 
particularly interested in TRAF-6, because TRAF-6-deficient mice 
display HED 29 and abnormalities in tooth development, a known 
site of TROY-expression during mouse embryogenesis. ' More- 
over, TRAF-6 plays an important role in JNK activation by related 
XEDAR. and JNK is also activated by forced expression of 
TROY. 2 Thus, we focused on TRAF-6 as a major, representa- 
tive indicator of functional TROY-signaling, and serial sections of 
metastatic melanoma tissues were stained with anti-TROY and 
anti-TRAF-6 antibodies, as shown in Fig. 3d, panels 1 and 2, 
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TABLE I - SUMMARY OF IMMUNOHISTOCHEMTCAL ANALYSIS OF 
TROY AND TRAF-6 EXPRESSION 



Tissue/cells 



TROY 



TROY + TRAF-6 



Melanoma' 

Primary cultured melanoma 
cells^ 

Primary cultured keratinocytes 

+ melanocytes 
Normal skin 
Sebaceous glands 
Basal cell carcinoma 



45/45 (100) 
2/2 (100) 

0/1 (0) 

0/10 (0)* 
2/2 (100) 
0/6 (0)» 



2* 



10/10(100) 
ND 

ND 

ND 
ND 
ND 



2 

'Three primary, 38 metastatic, and 4 unclassified melanomas - Val- 
ues in parentheses indicate percentage of samples with TROY-positive 
ceils.- Primary cells derived from one primary and one metastatic 
melanoma.- 4 Germinative cells. *p < 0.0001 (by 2-tailed Fisher's 
exact test). ND, not determined. 



respectively. TROY and TRAF-6 are coexpressed in 10/10 (100%) 
cases, suggesting that the TROY-TRAF-6- signaling axis is likely 
functional in melanoma cells. 

TROY contributes to melanoma proliferation 

Earlier reports showed that transiently overexpressed TROY 
resulted in a form of caspase-independent programmed cell death 
called paraptosis 42 in some, but not all cell types. This mechanism 
may involve different TRAFs and is possibly mediated through 
activation of JNK, 24,31 32 but not NFkB. 24 However, high levels of 
TROY expression during embryonic development and its reex- 
pression in melanoma argue against this activity. A more conceiv- 
able effect may be stimulation of tumor growth, as some TNFRSF 
members are known to do. 36,37 Indeed, it was already suggested 
that TROY controls precursor cell proliferation or maintenance of 
the undifferentiated state during development of neuroepithelial 
cells 29 which would be consistent with its reexpression in mela- 
noma. This hypothesis was addressed in the following manner. 
TROY-positive SK-Mel-2 cells were transfected with a control 
siRNA, or a siRNA that effectively suppressed endogenous TROY 
expression (Fig. 4, top). Next, proliferation of cells with normal 
(high) and low levels of TROY were determined by [ /Yl -thymi- 
dine incorporation assay. As shown in Figure 4 (bottom), DNA 
replication is strongly reduced by about 50% in TROY-depleted 
cells compared with control cells, a significant effect considering 
that these cells are transfected with 40-50% efficiency (not 
shown). This result suggests that TROY performs an important 
growth-promoting role in melanoma. 

Discussion 

Melanoma is extremely dangerous when it penetrates the dermis 
because of its propensity to metastasize, and correct diagnosis and 
early detection of micro metastases are of critical importance. A va- 
riety of techniques are available for this purpose, such as morphom- 
etry, DNA ploidy evaluation, chromosome analysis and nuclear 
organizing region analysis, 38 but immunorustochemlstry is gener- 
ally favored. In turn, this technique depends on the reliability, speci- 
ficity and sensitivity of the reagents used to detect melanoma 
markers. A large number of serum, molecular and immunohis to- 
chemical factors have been analyzed for their clinical usefulness as 
diagnostic and/or prognostic melanoma biomarkers, but many, if 
not all suffer from various problems in a clinical setting. For 
instance, widely used MART-1, HMB-45 and similar SlOOb cannot 
distinguish between benign melanocyte lesions and melanoma. 
Moreover, MART-1 is not fully melanoma-specific, because it is 
also expressed in certain steroid-producing tumors, 4 and although 
the HMB-45 antibody, which was raised against an extract of mela- 
noma cells, is thought to react against a sialylated glycoprotein 
(gplOO), it may also react against other proteins. Thus, a more 
specific melanoma biomarker would be a valuable addition to the 
pathologist's arsenal. Our combined studies show that TROY is 
expressed in 7/7 established and primary cells, and 45/45 primary 
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Figure 4 - Suppression of TROY expression reduces DNA replica- 
tion in melanoma cell line SK-Mel-2. Cells transfected with an siRNA 
targeting TROY (siRNA-TR) but not a scrambled control siRNA 
(siRNA-sc) have reduced TROY expression as shown in immunoblot 
(top; p-actin serves as loading and specificity control). DNA replica- 
tion was determined by [ H] -thymidine incorporation assay, and 
results are shown at the bottom panel. Proliferation was significantly 
reduced to about 50% in cells with low TROY expression relative to 
control cells. Shown is a representative experiment done in triplicate 
and repeated 3 times with similar results. Data are expressed as the 
mean ± SD. *p < 0.004 (by Student's Mest analysis). 



and metastatic melanoma tissues, while normal melanocytes, either 
cultured or in skin biopsies representing both dividing and resting 
cells, remained unstained Normally, TROY is widely expressed 
only during embryonic development, but then its expression gets 
largely switched off after birth, except for expression in hair fol- 
licles, certain brain areas, perhaps prostate, and as we showed here, 
sebaceous glands. We hypothesize that TROY is an embryonic 
gene/antigen that is aberrantly reexpressed in melanoma, thereby 
providing a growth advantage to the tumor through an as-yet un- 
identified pathway which may involve binding with an unknown 
ligand and signaling through TRAFs like TRAF-6. As such, TROY 
deserves attention as a novel biomarker for this disease. 

TROY is a member of the large TNFRSF. These receptors play 
critical roles in organizing lymphoid tissues, hair follicles, sweat 
glands and bone, as well as in organizing transient structures such 
as the lactating mammary gland 36 and wound healing. TNFRSF 
members are direcdy coupled to signaling pathways for cell prolif- 
eration and differentiation, and are well studied with respect to 
their function in immune responses. The other major activity is 
induction of apoptosis which is mediated by a subgroup of TNFRs 
called the death receptors, several of which have been linked to 
cancer. 37 TROY does not have a death domain but it was reported 
that forced expression of TROY induced paraptosis in some, but 
not all cell types examined. 24,31,32 The physiologal relevance of 
this phenomenon remains uncertain, however, considering its high 
expression in proliferating tissues. Indeed, during mouse embryo- 
genesis, TROY shows particularly high levels of expression in 
neuroepithelial cells, where it may function to regulate cell prolif- 



eration or maintenance of the undifferentiated state. This would 
also provide a rationale for its reexpression in melanoma, and it 
would be consistent with our in vitro data that suggest TROY con- 
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tributes to DNA replication in these tumors. These combined find- 
ings suggest that TROY functions as growth-promoting signaling 
molecule and provide more insight into the genetic network that 
controls proliferation of melanoma. 

At the same time, our findings establish TROY as a novel 
potential target with unique properties. TROY antigen-expressing 
melanoma cells may be targeted by both tumor-specific cytotoxic 
T cell as well as therapeutic antibodies, of which only extremely 
few candidates exist. For instance, cell surface protein CD74 is 
also expressed in melanoma but not melanocytes; however, this 
antigen is also present on normal dendrocytes and B cells, making 
it much less suitable target for this therapy than does TROY. 12 
Transmembrane glycoprotein NMB may show more promise, but 
its function is unknown, it is not expressed on all melanomas, and 
those that do are only sensitive to drug-conjugated antibodies. 18 
Second, ligand-therapy is a potential option, because inhibitors or 



modulators of TROY signaling or expression may reduce tumor 
growth. 46-49 Finally, it may be possible to detect circulating 
TROY-expressing melanoma cells in serum using RT-PCR-based 
techniques. MITF in particular has already showed some promise 
as a single marker in this regard 39,50 but with TROY, specific im- 
munological detection of melanoma cells rather than their less- 
specific secreted antigens 51 may also be feasible. These questions 
are currently being addressed in our laboratory and will hopefully 
result in new treatment options for melanoma patients. 
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We have isolated a novel member of the TNFR family, 
designated TAJ, that is highly expressed during embry- 
onic development. TAJ possesses a unique cytoplasmic 
domain with no sequence homology to the previously 
characterized members of the TNFR family. TAJ inter- 
acts with the TRAF family members and activates the 
JNK pathway when overexpressed in mammalian cells. 
Although it lacks a death domain, TAJ is capable of 
inducing apoptosis by a caspase-independent mecha- 
nism. Based on its unique expression profile and signal- 
ing properties, TAJ may play an essential role in embry- 
onic development. 

Members of the TNFR 1 superfamily play an important role 
in regulating diverse biological activities, such as cell prolifer- 
ation, differentiation, and programmed cell death or apoptosis. 
The majority of TNFR family members are type I membrane 
proteins that share significant sequence homology in their ex- 
tracellular domains (1). This homology is due to the presence of 
highly conserved cysteine residues in so-called cysteine-rich 
pseudo-repeats, a hallmark of this family. The cytoplasmic 
domains of the various TNFR family members, on the other 
hand, differ greatly not only in their sequence but also in their 
length. Some of the apoptosis-inducing members of this family, 
such as TNFR1, CD95/Fas/APO-l , DR3/TRAMP/APO-3, DR4/ 
TRAIIVAPO-2, and DR57TRAILr-R2, contain a conserved do- 
main of approximately 80 amino acids, called a death domain, 
which is essential for mediation of cell death (2-4). Although 
death domains are absent in other members of the TNFR 
family, some of these non-death domain -containing receptors, 
such as TNFR2, CD30, and LT-/3R, are nevertheless capable of 
inducing cell death under certain circumstances (5-7). 
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In the present report, we describe the isolation and charac- 
terization of a novel member of the TNFR family, designated 
TAJ (for Xoxici ty And JNK inducer). We present evidence that, 
based on its unique expression profile and signaling activities, 
TAJ may be a key regulator of cell activation and death during 
embryonic development. 

EXPERIMENTAL PROCEDURES 

Cell Lines and Reagents— 293T cells were obtained from Dr. David 
Han (University of Washington, Seattle). 293EBNA cells were obtained 
from Invitrogen. Rabbit polyclonal antibodies against FLAG and HA 
tags were obtained from Santa Cruz Laboratories. FLAG beads were 
obtained from Sigma. The pull-down kinase assay kit for JNK was 
obtained from New England Biolabs, and the constructs for the Path- 
detect luciferase reporter assay were purchased from Stratagene. YO- 
PRO-1 was obtained from Molecular Probes. 

Cloning of TAJ c£MVA— Two murine EST clones (IMAGE consortium 
"clones 650744 and 664665) encoding the extracellular domain of a new 
member of the TNFR superfamily were identified by searching the data 
base of expressed sequence tags (dbEST) for sequences sharing homol- 
ogy to the extracellular domain of human DR3. The sequence corre- 
sponding to the cytoplasmic domain of this receptor was obtained by 
using 3'-rapid amplification of cDNA ends (RACE) on murine spleen 
Marathon Ready cDNA (CLONTECH) using the Marathon cDNA am- 
plification kit (CLONTECH) and following the manufacturer's instruc- 
tions. A repeat search of the EST data base for sequences with homology 
to the cytoplasmic tail of murine TAJ revealed the presence of a 
human EST clone (IMAGE consortium clone 340844). The sequence 
corresponding to the 5' end of human TAJ (hTAJ) was obtained by 
performing 5 r -RACE on human fetal spleen Marathon- ready cDNA 
(CLONTECH). 

Northern Blot Analysis — Northern blot analysis was performed using 
mouse embryo and human multiple tissue Northern blots (CLON- 
TECH). Blots were hybridized under high stringency conditions with 
aa P-labeled probes corresponding to the protein- coding regions of mTAJ 
and hTAJ and following the instructions of the manufacturer. 

Expression Vectors — To construct FLAG or Myc epitope- tagged re- 
ceptors, the amino acids 23-424 of hTAJ were amplified using Pfu 
polymerase (Stratagene) with a primer containing a Bglll site at the 5' 
end and a Sail site at the 3' end and then were ligated to a modified 
pSectag A vector (Invitrogen) containing a FLAG or a Myc epitope 
downstream of a murine Ig k chain signal peptide. Expression con- 
structs for dominant-negative FADD, caspase 8 C360S, CrmA, p35. 
MRIT, Orf-Kl3, and TRAFs have been described previously (8-10). 

Reporter Assays — For the c-Jun transcriptional activation assay, 293 
EBNA cells (1.2 X 10 n ) were transfected in duplicate with various 
expression constructs (500 ng) along with a fusion transactivator pias- 
mid containing the yeast GAL4 DNA-binding domain fused to tran- 
scription factor c-Jun (pFA-cJun) (50 ng), a reporter plasmid encoding 
the luciferase gene downstream of the GAL4 upstream activating se- 
quence (pFR-luc) (500 ng), as well as a RSV/LacZ (0-galactosidase) 
reporter construct (75 ng). Transfection was performed using calcium 
phosphate co precipitation method. Forty hours later cell extracts were 
prepared using the Luciferase Cell Culture Lysis Reagent (Promega, 
Madison, WT), and luciferase assays were performed using 20 jj.1 of cell 
extract. The cell lysate was diluted 1:20 with phosphate-buffered saline, 
pH 7.4, and used for the measurement of /3-galactosidase activity. 
Luciferase activity was normalized relative to the 3-galactosidase ac- 
tivity to control for the difference in the transfection efficiency. Western 
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Fig. U, amino acid sequence of murine and human TAJ informs. The signal peptides and transmembrane domains are shown in bold aad 
italics, respectively. B, sequence alignment of the extracellular domains of TNFR family members. Identical amino acids are shaded dark and 
homologous residues shaded gray. 

blot analysis on cell extracts prepared from similarly transfected cells 

was used to confirm that the various expression constructs lead to the 

production of the desired proteins. The NF-kB reporter assay was 

performed essentially as described above using a luciferase reporter 

plasmid containing four copies of a consensus NF-kB binding site (11). 
Caspase Activation Assay— 293Tcells(2 X 10 R ) were transfected with 

2 fi.g of an empty vector or expression vectors encoding TNFR1 or hTAJ 

along with a GFP-encoding plasmid. Cells were examined under a 

fluorescent microscope 32 hours later to ensure equal transfection effi- 
ciency. Cells were subsequently lysed in 100 ^1 of lysis buffer (0.1% 

Triton X-100, 20 mM sodium phosphate, pH 7.4, 150 mM NaCl). For 

assaying caspase 3 activation, 10 /xl of cell extract was mixed with 80 /a1 

of assay buffer (50 mM Hepes, pH 7.4, 100 mM NaCl, 0.1% CHAPS, 10 

mM dithiothreitol, 1 mM EDTA, 10% glycerol) in a 96-well microtiter 
plate in triplicate, and the was reaction started by the addition of 10 
of Ac-DEVD-pNA substrate. Caspase 3-mediated cleavage of Ac-DEVD- 

pNA into p-nitroanilide was measured using a plate reader at 405 nm. 

DNA Content Analysis— 293T cells (2 X 10°) were transfected with 
the various test plasmids along with a GFP-encoding plasmid. Approx- 
imately 32 h post-transfection, cells were examined under a fluorescent 
microscope to ensure equal transfection efficiency. Ceils were subse- 
quently trypsinized, washed once with PBS, and fixed in 50% ethanol at 
4 °C. After washing with PBS, cells were treated with 500 ^tg of RNase 
A (Sigma) in 100 *d of PBS for 30 min at 37 °C and resuspended in 0.5 
ml of PBS contai ning 50 /ng/ml propidium iodide. After further incuba- 
tion at 4 °C for 15 min, cells were analyzed by flow cytometry. 

Coimmunoprecipitation Assays—For studying in vivo interaction, 
2 X 10 s 293T cells were plated in a 100-mm plate and cotransfected 
18-24 h later with 5 ^g/plate of each epitope-tagged construct along 
with 1 juLg of a hemagglutinin-tagged GFP-encoding plasmid (HA-GFP) 
by calcium phosphate coprecipitation. Eighteen to thirty-six hours post- 
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Fig. 2. Northern blot analysis of TAJ expression during 
rine embryonic development and human adult tissues, kb, 
base pairs; PBL, peripheral blood leukocytes. 
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FIG 3 A TAJ mediates c-Jun transcriptional activation. 293 EBNA cells were transacted with an empty vector or expression vectors encoding 
human TAJ or CD40 receptors along with pFA-cJun, pFR-luc, and RSV/LacZ encoding plasmids in duplicate. The experiment was performed as 
described under ^Experimental Procedures." Values shown are mean ± S.E. of a representative of two independent experiments performed m 
duplicate B TAJ activates JNK pathway. 293EBNA cells (3 x 10*) were transfected with the indicated plasmid and JNK activation measured by 
a "pull down" JNK assay kit (New England Biolabs). GST-c-Jun coupled to agarose beads was used to both pulling down the endogenous^ 
expressed JNK and as a substrate for activated JNK-induced phosphorylation. A representative of two independent experiments. C JBO-JIP1 
blocks TAJ-induced JNK activation. 293 EBNA cells (1.2 X 10 6 ) were transfected with an empty vector or an hTAJ expression vector (250 ngfwell) 
with and without JBD-jrPl (500 ng/well l in each well of a 24-well plate in duplicate. The total amount of transfected DNA was kept constant by 
adding empty vector. The experiment was performed as described for A. Values shown are mean ± S.E. of a representative of two independent 
experiments performed in duplicate. D, dominant^negative mutants of TRAF2 and ASK1 fail to block TAJ-induced JNK activation. The eyenment 
was performed essentially as described Tor C. Values shown are mean ± S.E. of a representative of two independent experiments performed in 
duplicate. 



transfection, cells were lysed in 1 ml of lysis buffer containing 0.1% 
Triton X-100, 20 mM sodium phosphate, pH 7.4, 150 mM NaCl, and 1 
EDTA-free mini-protease inhibitor tablet per 10 mi (Roche Molecular 
Biocheinicals). For immunoprecipitation, cell lysates (500 jxl) were in- 
cubated for 1 h at 4 °C with 10 pi of FLAG or control mouse Ig beads 
precoated with 2% bovine serum albumin. Beads were washed twice 
with lysis buffer, twice with a wash buffer containing 0.1% Triton 
X-100, 20 mM sodium phosphate, pH 7.4, 500 mM NaCl, and again with 
lysis buffer. Bound proteins were eluted by boiling, separated by SDS- 
polyacrylamide gel electrophoresis, transferred to a nitrocellulose mem- 
brane, and analyzed by Western blot. 

RESULTS 

Cloning of Murine and Human TAJ cDNAs— In order to 
identify new members of the TNFR family, we searched the 
EST data base (dbEST) for sequences with homology to the 
extracellular domain of Death Receptor 3 (DR3) and identified 
two mouse cDNA clones. Both clones originated from cDNA 
libraries made from 13.5- to 14.5-day mouse embryos and, upon 
sequencing, were found to represent the alternatively spliced 
forms of the same gene. One of the clones, named mTAJ-aS, 
was found to encode an open reading frame of 214 amino acids 
(Fig. LA). Sequence analysis of this clone revealed the presence 
of an N-terminal signal peptide (amino acids 1-23), cysteine- 
rich pseudo-repeats with significant sequence homology to the 
extracellular domain of other members of the TNFR family 
(20-25% sequence identity and 35-46% sequence similarity), a 
hydrophobic stretch of amino acids representing the trans- 
membrane region (amino acids 171-193), and a short cytoplas- 
mic tail (Fig. 1A). Based on the presence of the short cytoplas- 



mic tail, this clone may encode for a decoy receptor. The 
sequence of the second murine clone, named mTAJ-£, was 
identical to mTAJ-aS in the N-terminal 149 amino acids. This 
region contains its signal peptide, and the cysteine-rich pseudo- 
repeats representing the majority of the ligand-binding domain 
(Fig. LA). However, mTAJ-j3 has a stop codon after amino acid 
150 and, therefore, may represent a soluble receptor lacking a 
transmembrane domain (Fig. LA). Based on the sequence of 
mTAJ-crS, primers were designed and used in 3'-RACE to clone 
the sequence representing the cytoplasmic tail of TAJ. The 
full-length cDNA clone, named mTAJ-aL, was found to contain 
an open reading frame of 416 amino acids with a unique cyto- 
plasmic domain having no significant homology to any other 
member of the TNFR family (Fig. LA). 

A repeat search of the EST data base for clones homologous 
to the cytoplasmic tail of mTAJ led to the identification of a 
human EST clone derived from an embryonic heart library 
constructed from a 19-week-old embryo. Based on the sequence 
of this clone, primers were designed, and 5'-RACE was used to 
clone the full-length human TAJ (hTAJ) clone. The full-length 
hTAJ clone encoded a protein of 423 amino acids having 68.4% 
amino acid identity and 79.2% amino acid similarity with 
mTAJ-aL (Fig. 1A). In addition, hTAJ was found to have sig- 
nificant sequence similarity to other members of the TNFR 
family in its extracellular ligand-binding domain (Fig. LB). 

Expression of TAJ— A3 discussed above, almost all the EST 
clones encoding TAJ are derived from cDNA libraries originat- 
ing from embryonic tissues. To test further the expression of 
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Fig. 4. A, TAJ induces cell death. 293T cells (2 x 10 6 ) were transfected with the indicated plasmids (5 fxg) along with a 0-galactosidase-encoding 
pla.smid (2 Vg)- Cells were fixed and stained with 5-bromo-4-chloro-3-indolyl-0-D-galactopyranoside 36 h post-transfection as described previously 
(8). Dying cells have a dark rounded appearance and are becoming detached from the plate. B, 293T cells (2 X 10 6 ) were transfected with a control 
vector or a TAJ expression vector along with a GFP-encoding vector. Thirty six hours after transfection, cells were examined under a fluorescent 
microscope and photographed. TAJ-transfected cells have a rounded appearance and are becoming detached from the plate. C, absence of nuclear 
fragmentation during TAJ-induced cell death. 293T cells were transfected with an empty vector or vectors encoding TNFRl or TAJ. Approximately 
40 h later cells were stained with YOPRO-1, which stains only those cells that have lost membrane integrity. Fragmented nuclei of TNFRl- 
transfected cells are shown with arrowheads. Insets show nuclear morphology of TNFRl- and TAJ-transfected cells under higher magnification. 
£>, cell death induced by TAJ is not accompanied by oligonucleosomal DNA fragmentation. 293T cells (2 x 10") were transfected with the indicated 
plasmids (6 jig), and DNA fragmentation assay was performed after 38 h essentially as described (48). E, DNA content frequency distribution. Cell 
death induced by TNFRl is accompanied by an increase in the hypodiploid cell population «2n) that is absent in the TAJ-transfected cells. The 
percentage of cells in various stages of cell cycle is also shown. DNA content analysis was performed using flow cytometry on ethanol-permeabilized 
cells stained with propidium iodide. The transfection efficiency of the tested plasmids, <-is determined by the expression of cotransfected GFP, 
ranged from 40 to 50%. 
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FlG. 5. A, caspase inhibitors fail to block TAJ-induced cell death. 
293T cells (2 X 10 B ) were transfected with an empty vector or the 
indicated receptor plasmids along with a j3-galactosidase reporter plas- 
mid in duplicate in each well of a 24-well plate. The amount of inhibitor 
plasmids (CrmA and p35) was three times the amount of receptor 
plasmids, and the total amount of transfected DNA was kept constant 
by adding empty vector. Cells were fixed, stained, and percentage of 



TAJ during embryonic development, Northern analysis was 
performed on a multiple tissue Northern blot containing 
poly(A) RNA from 7-, 11-, 15-, and 17-day mouse embryos. The 
protein-coding region of mTAJ-orL cDNA was used as a probe. 
A strong signal of 4.4 kilobase pairs was detected in lanes 
containing RNA from day 11, 15, and 17 embryos indicating the 
expression of TAJ during embryonic development (Fig. 2). 

Expression of TAJ in adult human tissues was studied by 
Northern analysis using the protein-coding region of hTAJ 
cDNA as a probe. Major expression was seen only in the pros- 
tate gland with only very low expression seen in other tissues 
such as spleen, thymus, testis, uterus, small intestine, colon, 
and peripheral blood leukocytes (Fig. 2). Expression of TAJ was 
also detected in 293 (human embryonic kidney) and LNCaP 
(prostate cancer) cell lines (data not shown). 

TAJ Activates the JNK Pathway — Activation of the JNK and 
the NF-kB pathways is a common feature of the TNFR family 
members. Previous studies have also shown that members of 
this family can be activated in a ligand-independent fashion 
upon transient transfection-based overexpression (8, 12-14). 
Therefore, the ability of TAJ to activate the JNK pathway upon 
transient overexpression in 293EBNA cells was tested using a 
luciferase-based c-Jun transcriptional assay. In this assay, lu- 
ciferase expression is driven by JNK-mediated phosphorylation 
of the activation domain of the transcription factor c-Jun that is 
fused to the GAL4 DNA-binding domain. TAJ could strongly 
activate the JNK pathway in these cells which was comparable 
in magnitude to that observed with CD40 (Fig. 3A). The ability 
of TAJ to activate the JNK pathway was also confirmed by a 
"pull-down" kinase assay based on in vitro phosphorylation of 
GST-cJun (Fig. 3£). 

TAJ-induced JNK activation was successfully blocked by the 
JNK-binding domain of JIP1 (15), a recently isolated specific 
inhibitor of the JNK pathway (Fig. 3C). TRAF2 and its ho- 
mologs have been shown to play an essential role in the JNK 
activation by TNFR family members by activating the protein 
kinase ASK1 (16). However, as shown in Fig. 3D, dominant- 
negative mutants of TRAF2 and ASK1 failed to block JNK 
activation via TAJ, while successfully blocking TRAF2-induced 
JNK activation . 

We also investigated the ability of TAJ to activate the NF-kB 
pathway. However, transient transfection of TAJ led to only a 
weak activation of NF-kB in 293EBNA cells and completely 
failed to activate this pathway in 293T or MCF7 cells (not 
shown). 

TAJ Induces Caspase-independent Cell Death — During the 
course of investigating the above signaling functions of TAJ, we 
noticed that it could also induce cell death. This result was 
somewhat unexpected since TAJ does not possess a death do- 
main. To characterize further the death inducing property of 
TAJ, 293T cells were transfected with a control plasmid, or 
plasmids containing TNFRl or TAJ, along with a reporter 



apoptotic cells determined based on criteria described in Fig. 4A. Values 
shown are mean ± S.E. of a representative of two independent exper- 
iments performed in duplicate. B, lack of inhibitory effect of dominant- 
negative FADD, caspase 8 C360S, MRIT/cFLIP, and Orf-K13 on TAJ- 
induced cell death. The experiment was performed essentially as 
described for A. C, JBD-JIP1 fails to block TAJ-induced cell death. The 
experiment was performed essentially as described for A. Values shown 
are mean ± S.E. of a representative of two independent experiments 
performed in duplicate. D, TAJ fails to activate caspase 3. 293T (2 X 
10 6 ) cells were transfected with the indicated plasmids (5 jxg each). 
Cells were lysed 36 h post-trans fecti on and 10 fd of cellular extracts 
used for the measurement of caspase 3 activation as described under 
"Experimental Procedures." Values shown are mean ± S.E. of a repre- 
sentative of two independent experiments performed in duplicate or 
triplicate. 
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Fig. 6. TAJ coimmunoprecipitates TRAFs but fails to coimmunoprecipitate FADD. 293T cells were transfected with the indicated 
plasmida and cell lysates (L) immune-precipitated with FLAG IF) beads or control beads <C). Coimmunoprecipitated proteins were detected by 
Western analysis with the indicated antibodies. Lack of immunoprecipitation of cotransfected GFP-HA demonstrates the specificity of the 
interactions. The lower band in the right-most panel corresponds to the mouse Ig light chain. 



plasmid encoding /3-galactosidase or the green fluorescent pro- 
tein (GFP). Approximately 32 h post-transfection, TAJ-trans- 
fected cells became rounded and started to detach from the 
plate (Fig. 4, A and B). In addition to 293T cells, TAJ also 
induced cell death in 293EBNA cells. However, we have so far 
failed to observe significant TAJ-induced apoptosis in COS 
cells, which might reflect the tissue or species specificity of this 
response. 

A comparison with TNFR1 -transfected cells revealed several 
unique features of TAJ-induced apoptosis. First, cell death 
induced by TAJ was slightly delayed as compared with that 
induced by TNFRl (32 versus 24 h). Second, whereas TAJ- 
transfected cells showed cytoplasmic swelling and nuclear con- 
densation, they demonstrated relatively little membrane bud- 
ding as compared with the TNFRl-transfected cells (Fig. 4A). 
Third, based on nuclear staining with YOPRO-1, a cell-imper- 
meant DNA-intercalating dye, we have recognized differences 
in the nuclear morphology of cells undergoing apoptosis in 
response to TAJ or TNFR1 .. As shown in Fig. 4C, whereas the 
majority of the vector-transfected cells did not stain with YO- 
PRO-1, a large number of TAJ or TNFRl-transfected cells 
showed nuclear staining with this dye reflecting the loss of 
membrane integrity. However, unlike the TNFRl-transfected 
cells, those dying in response to TAJ did not demonstrate 
nuclear fragmentation, a key feature of caspase-induced cell 
death (Fig. 4C). Finally, as compared with TNFRl-transfected 
cells, TAJ-transfected cells demonstrated a complete absence of 
oligonucleosomal DNA fragmentation, one of the essential fea- 
tures of caspase-induced apoptosis (Fig. AD). 

Absence of nuclear fragmentation in the TAJ transfected 
cells was confirmed by DNA content analysis using flow cytom- 
etry. As shown in Fig. 4E y transfection of TNFR1 in 293T cells 
is accompanied by the appearance of a hypodiploid population 
of cells, which is absent in cells transfected with an empty 
vector or TAJ. Furthermore, there was no significant difference 
in the cell cycle distribution of cells transfected with TAJ or 
control vector, making it unlikely that TAJ induces cell death 
via a block in cell cycle transition. 

To characterize further TAJ-induced cell death, we tested 
the ability of several known inhibitors of apoptosis to block cell 
death induced by it. TAJ-induced cell death was not blocked by 
two virally encoded caspase inhibitors, CrmA and p35, and a 
synthetic caspase inhibitor, benzyloxycarbonyl-VAD-fmk, all of 
which successfully blocked TNFRl-induced apoptosis (Fig. 5A 
and data not shown). Similarly, MRIT/cFLIF, Orf-K13, and 
dominant-negative inhibitors of FADD and caspase 8 (caspase 
8 C360S) had no effect on TAJ-induced cell death (Fig. 5B). 
Finally, JBD-JIP1 failed to effectively block TAJ-induced cell 
death, ruling out a major role of the JNK pathway in TAJ- 
induced cell death (Fig. 5C). 

Lack of activation of the caspase cascade during TAJ-induced 
cell death was further supported by a chromogenic assay based 
on caspase 3-mediated cleavage of the chromogenic substrate, 



pNA-DEVD. Caspase 3 is one of the executioner caspases of the 
caspase cascade and is activated during death receptors-in- 
duced apoptosis (17). As shown in Fig. 5D y cell lysates from 
cells transfected with TNFRl demonstrated caspase 3 activa- 
tion, whereas TAJ-transfected cells failed to do so. 

TAJ Interacts with TRAF Family Members — TRAF family 
members have been previously implicated in the signal trans- 
duction by various TNFR family members (18). To test the 
involvement of TRAFs in the signaling via TAJ, we tested their 
ability to interact with each other using a coimmunoprecipita- 
tion assay in 293T cells. As shown in Fig. 6, TAJ successfully 
coimmunoprecipitated with TRAF1, TRAF2, TRAF3, and 
TRAF5 in the above assay. However, consistent with the ab- 
sence of a death domain in its cytoplasmic tail, TAJ failed to 
interact with FADD (Fig. 6). 

DISCUSSION 

Programmed cell death or apoptosis plays an important role 
in the development and morphogenesis of multicellular organ- 
isms by controlling cell number and removing mutated or defec- 
tive cells (19). Despite the recent progress in the identification of 
downstream effector molecules involved in developmental cell 
death (20), the cell surface receptors regulating this process 
remain to be identified. Members of the TNFR family are well 
known for their role in the mediation of cell death in adult 
tissues. Based on its unique expression profile during develop- 
ment, TAJ may play a similar role during embryogenesis. 

In addition to its full-length isoform, we have isolated two 
alternative spliced forms of murine TAJ that are likely to act a3 
decoy and soluble receptors, respectively. Such receptors have 
been previously identified for other members of the TNFR 
family and shown to block signaling via the full-length recep- 
tors (14, 21, 22). It remains to be seen whether the mTAJ-aS 
and mTAJ-0 isoforms play a similar role in regulating signal- 
ing via the full-length TAJ receptor. 

Despite sharing significant sequence homology with TNFR 
family members in the extracellular ligand-binding domain, 
TAJ possesses a unique cytoplasmic domain, which suggests 
that it utilizes novel signal transduction pathways for the 
activation of JNK and cell death pathways. Consistent with 
this hypothesis, TAJ-induced JNK activation was not blocked 
by dominant-negative inhibitors of TRAF2, TRAFS, or ASK1, 
which have been previously implicated in JNK activation via 
TNFRl and CD40. However, coimmunoprecipitation assays 
revealed that TAJ is capable of binding a number of different 
TRAF family members, and it is possible that TAJ-induced 
JNK activation is mediated by an as yet untested TRAF hom- 
olog, such as TRAF6. Similarly, in addition to ASK1, alterna- 
tive pathways for JNK activation via TNFR family members 
have been described (23-25), and it remains to be seen whether 
TAJ utilizes one of these alternative pathways. 

A surprising result of this study was the ability of TAJ to 
induce cell death since it does not possess a death domain. Our 
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results indicate that TAJ induces cell death by a mechanism 
independent of the classical death domain receptor-FADD- 
caspase 8/10 pathway. Although, caspase-mediated cell death 
is the best characterized form of apoptosis, several caspase- 
independent forms of death are also known in the literature. 
For example, FADD, in addition to its role in the activation of 
caspases, can also induce caspase-independent cell death (26). 
This death is resistant to caspase inhibitors and is accompa- 
nied by cellular swelling without apoptotic bodies or fragmen- 
tation of chromatin (26). Similar forms of caspase-independent 
death have been previously reported for both Fas and TNFRl 
as well (27, 28). Several non-death domain-containing mem- 
bers of the TNFR family have been shown to induce cell death 
under certain conditions (5-7, 29, 30), and it remains to be seen 
whether TAJ shares a common caspase-independent mecha- 
nism of cell death induction with these receptors. Several ad- 
ditional examples of caspase-independent cell death have been 
recently reported as well (31-37). 

There are several potential mediators of caspase-independ- 
ent cell death via TAJ. First, Bax and Bax-like proteins have 
been known to kill mammalian cells even in the presence of 
caspase inhibitors, provoking chromatin condensation and 
membrane alterations but without caspase activation or DNA 
degradation (38-40). It has been proposed that Bax and Bax- 
like proteins might mediate caspase-independent death via 
their channel forming ability that could promote mitochondrial 
permeability transition or puncture the outer mitochondrial 
membrane (41). Second, nitric oxide, like Bax, also induces cell 
death accompanied by chromatin condensation, nuclear com- 
paction, and mitochondrial swelling but without caspase acti- 
vation or DNA fragmentation (42). The recent isolation of ap- 
optosis-inducing factor may provide an additional mechanism 
for caspase-independent cell death induction by TAJ (43, 44). 
Apoptosis-inducing factor is a flavoprotein of approximately 57 
kDa that is normally confined to mitochondrial intermembrane 
space but translocates to the nucleus when apoptosis is in- 
duced. Apoptosis-inducing factor can induce chromatin conden- 
sation in isolated nuclei, dissipation of mitochondrial A^ m , and 
exposure of phosphatidylserine in the plasma membrane. None 
of these effects are blocked by treatment with broad -spectrum 
caspase inhibitor benzyloxycarbonyl-VAD-fluoromethyl ketone 
(43, 44). We are currently testing the contribution of the above 
mediators to TAJ-induced cell death. 

The ligand for TAJ has not been identified yet. Recently, two 
novel ligands belonging to the TNF family, designated APRIL 
(45) and TIIANK/BlyS (46, 47), respectively, have been identi- 
fied. Besides Blys/THANK, TAJ could also be a receptor for 
VEGI, another member of the tumor necrosis factor family for 
which receptor has not been identified. Studies are in progress 
to test whether one of these represents the ligand for TAJ. 
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TAJ_AAF71828 



MALKVLLEQEKTFFTLLVLLGYLSCKVTCESGDCRQQEFRDRSGNCVPCNQCGPGMELSK 
MALKVLLEQEKTFFTLLVLLGYLSCKVTCESGDCRQQEFRDRSGNCVPCNQCGPGMELSK 
MALKVLLEQEKTFFTLLVLLGYLSCKVTCETGDCRQQEFRDRSGNCVPCNQCGPGMELSK 
MALKVLLEQEKTFFTLLVLLGYLSCKVTCESGDCROOEFRDRSGNCVPCNOCGPGMELSK 
****************************** : ***************************** 

ECGFGYGEDAQCVTCRLHRFKEOWGFQKCKPCLDCAVVNRFQKANCSATSDAICGDCLPG 
ECGFGYGEDAQCV ACRLHRFKEDWGFQKCKPCLDCAVVNRFQKANCSATSDA I CGDCLPG 
ECGFGYGEDAQCVTCRLHRFKEDWGFQKCKPCLDCAVVNRFQKANCSATSDA1CGDCLPG 
ECGFGYGEDAQCVTCRLHRFKEDWGFQKCKPCLDCAVVNRFOKANCSATSDA I CGDCLPG 

: ********************************************** 

FYRKTKLVGFQDMECVPCGOPPPPYEPHCASKVNLVK I ASTASSPRDTALAAV I CSALAT 
FYRKTKLVGFQDMECVPCGDPPPPYEPHCASKVNLVK I ASTASSPRDTALAAV I CSALAT 
FYRKTKLVGFQDMECVPCGDPPPPYEPHCASKVNLVK I ASTASSPRDTALAAV I CSALAT 
FYRKTKLVGFODMECVPCGDPPPPYEPHCASKVNLVK I ASTASSPRDTALAAV I CSALAT 

VLLALL I LCV I YCKROFMEKKPSWSLRSQD I QYNGSELSCFDRPQLHEYAHRACCQCRRD 
VLLALL I LCV I YCKROFMEKKPSWSLRSQD I QYNETELSCFDRPOLHEYAHRACCQCRRD 
VLLALL I LCV I YCKROFMEKKPSWSLRSQD I QYNGSELSCLDRPQLHEYAHRACCQCRRD 
VLLALL I LCV I YCKROFMEKKPSWSLRSQD I QYNGSELSCFDRPQLHEYAHRACCQCRRD 
**^=m=*>m:*^*^>w<*>»*****>w******** : **** : ******************* 

SVQTCGPVRLLPSMCCEEACSPNPATLGCGVHSAASLQARNAGPAGEMVPTFFGSLTQSI 
SVQTCGPVRLLPSMCCEEACSPNPATLGCGVHSAASLQARNAGPAGEMVPTFFGSLTQSI 
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CLUSTALW Result (gray.ono) 



2/3 ^— is 



0AF065a 

TR0Y_NBl0611*I7 



HUG0_AB040434 

TAJ.AAF71828 

0AF065a 

TR0Y_NP_061117 



HUG0_AB040434 

TAJ_AAF71828 

0AF065a 

TR0Y_NP_061117 



SVQTCGPVRLLPSMCCEEACSPNPATLGCGVHSAASLQARNAGPAGEMVPTFFGSLTQSI 
SVQTCGPVRLLPSMCCEEACSPNPATLGCGVHSAASLQARNAGPAGEMVPTFFGSLTQSI 

***** ***** ***************************** 



CGEFSDAWPLMQNPMGGDNI SFCDSYPELTGEDI HSLNPELESSTSLDSNSSQDLVGGAV 
CGEFSDAWPLMQNPMGGDNI SFCDSYPELTGEDI HSLNPELESSTSLDSNSSQDLVGGAV 
CGEFSDAWPLMQNPMGGDNI SFCDSYPELTGEDI HSLNPELESSTSLDSNSSQDLVGGAV 
CGEFSDAWPLMQNPMGGDN I SFCDSYPELTGEDI HSLNPELESSTSLDSNSSQDLVGGAV 

^^***************************^^ 

PVQSHSENFTAATDLSRYNNTLVESASTQDALTMRSQLDQESGAV I HPATQTSLQVRQRL 
PVQSHSENFTAATDLSRYNNTLVESASTQDALTMRSQLDQESGAV I HPATQTSLQVRQRL 
PVQSHSENFTAATDLSRYNNTLVESASTQDALTMRSQLDQESGAI I HPATQTSLQVRQRL 
PVQSHSENFTAATDLSRYNNTLVESASTQDALTMRSQLDQESGAV I HPATQTSLQVRQRL 
******************************************** : *************** 



HUG0_AB040434 
TAJ_AAF71828 
OAF065a 
TROY_NP_061117 



GSL 
GSL 
GSL 
GSL 



I 



mm OS 4 Kryy— ) -r 
( 

HUG0_AB040434 : 0. 00000. 

( 

0AF065a:0. 00709, 
TR0Y_NP_061117:0. 00000) 
:0. 00000, 

TAJ_AAF7 1828: 0.00709) ; 



( ^ffiV7 h) 



( 

HUG0_AB040434:0. 00000. 

( 

TAJ.AAF71 828:0. 00709, 
TR0Y_NP_061 117:0. 00000) 
:0. 00000, 

0AF065a:0. 00709) : 



E5»J 



>HUG0_AB040434 

MALKVLLEQEKTFFTLLVLLGYLSCKVTCESGDCRQQEFRDRSGNCVPCNQCGPGMELSKE 
CGFGYGEDAQCVTCRLHRFKEDWGFQKCKPCLDCAWNRFQKANCSATSDA I CGDCLPGFY 
RKTKLVGFQDMECVPCGDPPPPYEPHCASKVNLVK I ASTASSPRDTALAAV I CSALATVLL 
ALL I LCV I YCKRQFMEKKPSWSLRSQD I QYNGSELSCFDRPQLHEYAHRACCQCRRDSVQT 
CGPVRLLPSMCCEEACSPNPATLGCGVHSAASLQARNAGPAGEMVPTFFGSLTQS I CGEFS 
DAWPLMQNPMGGDN I SFCDSYPELTGED I HSLNPELESSTSLDSNSSQDLVGGAVPVQSHS 
ENFTAATDLSRYNNTLVESASTQDALTMRSQLDQESGAV I HPATQTSLQVRQRLGSL 



>0AF065a 

MALKVLLEQEKTFFTLLVLLGYLSCKVTCETGDCRQQEFRDRSGNCVPCNQCGPGMELSKE 
CGFGYGEDAQCVTCRLHRFKEDWGFQKCKPCLDCAVVNRFQKANCSATSDA I CGDCLPGFY 
RKTKLVGFQDMECVPCGDPPPPYEPHCASKVNLVK I ASTASSPRDTALAAV I CSAUTVLL 
ALL I LCV I YCKRQFMEKKPSWSLRSQD I QYNGSELSCLDRPQLHEYAHRACCQCRRDSVQT 
CGPVRLLPSMCCEEACSPNPATLGCGVHSAASLQARNAGPAGEMVPTFFGSLTQS I CGEFS 
DAWPLMQNPMGGDN I SFCDSYPELTGEDI HSLNPELESSTSLDSNSSQDLVGGAVPVQSHS 
ENFTAATDLSRYNNTLVESASTQDALTMRSQLDQESGAI I HPATQTSLQVRQRLGSL 



file://C:¥Documents and Settings¥yoko kajimoto¥Local Settings¥Temporary Internet Files¥... 2007/05/16 



CLUSTALW Result (gray.ono) 



3/3 ^— V 



>TR0YJ!P^061t17 

Ima I kv 1 1 eqektf f 1 1 1 v 1 1 gy I sckvtcesgdcrqqef rdr sgncvpcnqcgpgme I sk 
61 ecgf gygedaqcvtcr I hr f kedwgf qkckpc I dcavvnrf qkancsatsda i cgdc I pg 
1 21f y rktk I vgf qdmecvpcgdppppyephcaskvn I vk i astassprdta I aav i csa I at 
181 v I lal li Icviyckrqfmekkpswslrsqdiqyngselscfdrpqlheyahraccqcrrd 
241 svqtcgpvr 1 1 psmcceeacspnpat I gcgvhsaas I qar nagpagemvptf f gs I tqs i 
301 cgef sdawp I mqnpmggdn i sf cdsype I tged i hs I npe I essts I dsnssqd I vggav 
361pvqshsenf taatd I srynnt I vesastqda I tmr sq I dqesgav i hpatqts I qvrqr I 
421 gs I 

>TAJ_AAF71828 

1 malkvlleqe ktfftllvll gylsckvtce sgdcrqqefr drsgncvpcn qcgpgmelsk 
61 ecgfgygeda qcvacrlhrf kedwgfqkck pcldcavvnr fqkancsats daicgdclpg 
121 fyrktklvgf qdmecvpcgd ppppyephca skvnlvkias tassprdtal aav i csa I at 
181 vl lalli lev iyckrqfmek kpswslrsqd iqynetelsc fdrpqlheya hraccqcrrd 
241 svqtcgpvr I Ipsmcceeac spnpatlgcg vhsaaslqar nagpagemvp tffgsltqsi 
301 cgef sdawp I mqnpmggdn i sf cdsype It gedihslnpe I essts I dsn ssqdlvggav 
361 pvqshsenft aatdlsrynn tlvesastqd altmrsqldq esgavihpat qtslqvrqrl 
421 gsl 

// 

'command : /usr/local/bin/clustalw HNFiLE=/tmp/21306.clw -quicktree - 
hgapresidues=GPSNDQERK : /usr/local/bin/clustalw -INFILE=/tmp/21306. aln -tree 

0N0 in-house server, interpreter version: clustal.pl : in-house ClustalW interface vl. 21 
Jun MURAI 
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